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ABSTRACT

Wind data in the height range 80 to 100 km can be obtained with a
multistatic VHF phase-coherent pulse-doppler meteor radar capable of
monitoring a volume in space measuring approximately 50 km X 50 kra
horizontally, and 20 km vertically. '

An eight-station phase-ccherent system has been established for this
purpose near Havana, Illinois, by reworking an existing six-station,
incoherent, pulse meteor radar operating at 40.92 MHz.

A 4-Mw transmitter and eight receiving sites dispersed up to 50 km
away from the transmitter site have been locked together in phase within a

10

few parts in 10° "~ by distributing a 2.5 kHz reference tone via commercial

telephone lines.

The system operates satisfactorily and is capable of collecting enough
range-doppler samples from meteor trails for an adequate description of
the wind pattern at meteor heights.

Wind profiles have been obtained by processing in Cambridge with
a CDC-6400 computer the multichannel digital tapes recorded in Havana.

The method can, potentially, be used for real-time wind measurements.
It competes favorably with alternative approaches when wind measurements
at meteor height must be performed with continuity and without resorting to

horizon-to-horizon spatial averaging.
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STUDY OF METEOR WIND MEASUREMENT TECHNIQUES

- Contract AF. 19(628)~3248

B iﬁqiume 1

¥, METEOR WIND:MEASUREMENTS BY PULSE-DOPPLER RADAR

1.1 Introduction and:Summary of Section. i

,-An-eight-station.multistatic phase-~coherent pulse-doppler radar system
for meteor researchshas been completed in the countryside between Peoria
and Springfield;-Illinois, under the terms; of the Contract AF 19(628)-3248.
The»*s?éf&n is composed of: (a) a main site where the transmitter and a dual-
channel receiver are located; (b) five outlying sites arranged in a cluster
around the main site, each equipped with a single-channel receiver; and (c)
two remote sites at.about 33.and 50 km, respectively, {rom the main sites,

and each again equipped with a single<channel receiver.

The network is a rework of the six-station noncoherent pulse radar

system operated in Illinois since 1961 by the Harvard Radio Meteor Project
(Hawkins, 1963).

The new system is able to collect phase-coherent meteor echoes from a
volume in the upper atmosphere that is not sharply bounded but that measures
roughly 50 3 50 km horizontally and 20 km vertically, with the vertical
dimengion extending from about 80 to 160 km abcve the ground. The volume

under radar patrol is approximately above Decatur, Illinois.

For analysis of the spatial structure of the wind field, we divide the
observable volume into '""cells.”" We take 1 km as the vertical extent of a
cell, approximately our accuracy of height measurement. Subject to later

revision, we take 15 km as the extent of a cell in both horizontal directions;
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this is the order of distance in which we expect to be able to resolve differ-

ences in horizontal-wind components, Accordingly, we cbserve on the order
of 220 wind cells.

When a cell is crossad by a meteor trail, echoes are received at the
main site if the trail in the cell is tangent to a sphere that is centered at the
main site and has a radius equal to the distance of the cell from this site
(the backscattering case). An outlying or a remote site then receives an echo
when the trail is tangent to ¢he ellipsoid having as foci the receiving station
under consideration and the transmitter location {main site).

At the main site (where 2 4-Mw peak power VHF transmitter is located),
a dual-channel receiver provides range, angle of arrival, Fresnel pattern,
and doppler information (radial velocity) on the echoes backscattered by a
trail, '

At each one of the outlying and remote sites, a single-channel receiver
provides, for the echoes scattered to the site by the trail, information con-
cerning range, Fresnel pattern, and doppler shift. The doppler information
provides the wind velocity component perpendicular to the ellipsoid determined
by the echo circulation time from the main site to the meteor to the outlying
(or remote) site.

A three-dimensionsl wind determination in a certain cell {(measurement
of the wind vector in its horizontal and vertical components) requires that
echoes from the cell be reccived simultaneously at the main site (or, which
is equivalent, at one of the outlying sites) and at both remote sites (or, for a
less accurate measurement, at one remote site and two outlying sites distant
from each other)., Because, in general, a single trail does not scatter
echoes in all the needed directions, we have to wait until the cell is crossed
by more than one trail nearly at the same time in order to obtain the basic

echoes required for three-dimensional wind measurements.
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Assuming (conservatively) that 15 samples per hour for each cell are
necessary to describe adequately the temporal variation of the wind, 3333
independent samples per hour are required in the overall volume surveyec.

The expectations at the beginning of the project were that this hourly
amount of information could be routinely collected by the eight-station radar
network. The frequency of reducible meteors was expected in fact to be
500/hr with 2000 one-dimensional wind-velocity determinations per hour
(every meteor track provides an average of four segments, each capable of
providing an independent determination) and 4000 independent samples per
hour (each one-dimensional wind-velocity determination gives two pieces of
information because both the wind velocity and its derivative with respect to
position along the trail are found).

Reconstruction of wind pattern was judged possible from the one-dimen-
sional wind-velocity determinations (2000/hr), from the small amount of two-
and three-dimensional data (80/hr and 2/hr, respectively), and froma
consideration of continuity. Operation of the Havana system since its com-
pletion has shown that the average hourly rate of reducible meteors, from
after midnight to midafternoon, is somewhat smaller than expected (approxi-
mately 250/hr instead of the predicted 500/hr). This means that we are
actually able to collect 2000 independent samples per hour and to make about
1000 one-dimensional velocity measurements per hour, 40 two-dimensional
measurements per hour, and ! three-dimen sional wind-velocity measurement
per hour, '

From midafternoon to shortly after midnight, the average rate of reduc-
ible meteors is of the order of 50/hr. In this period, we take the horizontal

extent of a wind cell to be the same as the observable volume.

Considering the uncertainties that unavoidably afflict a research program
like the one reported, the performance of the Havana meteor radar as a wind
measuring instrument came reasonably close to the predicted values. The
system is actually capable of measuring time-variable wind patterns harac-
terized by time constants only a factor of 2 larger than those contemplated

at the beginning of the program,
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The basic wind-measurement recording and analysis procedure is out-
lined in the following sections,

The measurements are mechanized by conveying to the main site (for
processing in a digitizer and recording in a multichannel digital tape recorder)
all the data collected by the eight stations and by playing back the tape in a
CDC-6400 computer appropriately programed to print out the wind profiles.

The computer program reads the tape, where 34 channels of information
are recorded, processes the data to obtain positional information of the .

meteor trail and of its motion due to the wind, smoothes these data, and prints
out the results,

-
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1.2 Data-Acquisition System

1.2.1 Meteor wind-measurement philosophy

1.2.1.1 Monostatic vs. multistatic systems. In general, the determina-

tion of the instantaneous velocity vector and of the position in three-
dimensional space of a target by radars having low-directivity antennas
requires the use of at least three monostatic pulse-doppler radar stations
{each equipped with transmitter and receiver) iocated at the vertices of a
triangle with sides preferably comparable in length with the distance of the
target from each one of the vertices. In other words, a point target in this
configuration is at the apex of a pyramid that has a triangular base, the other
vertices (of the base) being the three radar stations. A line target, such as
a meteor trail, lies tangent to three spheres centered at the stations. If the
scattering properties of the target are such that sufficient energy is scattered
toward the ground in forwardscatter as well as in direct backscatter, the
system can be simplified to a multistatic configuration with a single radar
station (transmitter and receiver) at one of the vertices (main site) and only
receivers at the other two vertices (remote sites). The main site radiates
the RF pulses and receives backscattered echoes; the remote sites receive

forwardscattering.

As far as target motion determination is concerned, there is this minor
difference between the two 3olutions: with the three monostatic radars, each
station measures the velocity component along the line of sight from the
radar to the target. In the "multistatic" scheme, this applies only to the
main site, while for the two remote sites, the velocity component is measured
in the propagation plane along the bisector of the angle that separates the

main site and remote site as seen from the target.

As far as ranging is concerned, the determination of the location in
three-dimensici:al space of the target is obtained (when three monostatic
radars are used) from the intersection of three spheres, each centered at
one of the stations and each with a radius equal to the delay between target

and station.

s oSl U S R e,

'

o R it AL IR IR s <




In the multistatic case, two of three spheres become ellipsoids, each
with a focus at the main site and the other at each one of the remote sites.
An ellipsoid is identified by the measured circulation time delay of the echo in
the propagation path from the main site to the target tothe remote site. The
target (meteor trail) location ie found as a line tangent to the two ellipsoids
and the sphere. There may be an ambiguity of solution; more important,
the available accuracy in range measures mayv not yield a good position
determination. To find the target position better, extra information can then
be obtained by using interferometric arrangements at one or more of the
sites and measuring echo angles of arrival. For each interferometer, a cone
is identified at every echo reception, which provides additional intersecting
surfaces for target positioning.

1.2.1.2 Scattering properties of a meteor trail, A simplified picture

of the scattering phenomenon can be obtained by considering that a radiowave
at VHF (as in our case) incident on the column is scattered by individual free
electrons, each of which oscillates as if no other were present (underdense
trail condition). The ''specular reflection point'" (for a station or pair of
stations) is the point on the trail at minimum distance from the station, or
minimum sum of distances from the pair of stations. Echoes from electrons
near the specular reflection point arrive in phase and are observed; echoes
from points distant from the specular reflection point arrive out of phase

and cancel each other.

Of the whole trail, the effective length that contributes to the scattering

is the first Fresnel zone around the specular reflection point, half of which
R\

equals -3 = ] km, in the normal incidence case, for monostatic radar
(RO is the distance of the trail from the radar station, and \ the wavelength).
In bistatic radar cases, this zone has a more complicated expression for
oblique incidence. Different pairs of stations receive scattered signals from

different parts of the trail,
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Upper atmospheric winds dispiace the effective specular reflection points
and physical processes alter the amplitude of received echoes, but both
effects are almost always of second order in determining the position of a

trail. They are discussed below,

The scattering properties of a meteor trail dictate the use of a multi-
static system rather than widely spaced monostatic radars. If the monostatic
radars are separated adequately for good position determination (more than
50 km on the ground}, the specular reflection points are much farther
separated than the usual length of a meteor trail, so that no meteor is observed
at all three radars. On the other hand, the separation of the specular reflec-
tion points is directly useful in position determination with a multistatic
system.

1.2.1.3 Position of the meteor trail. The locations of the original six

Havana stations, which are the main transmitter and receiver site (site 3)

and the ''outlying' receiver sites, were specially chosen for the determination
of meteor-trail positions, in addition to other parameters. The iocations of
the two newer ''remote' receiving sites were chosen primarily for wind
measures, but these sites also assist in position determinations for meteor
trails that they observe,

We use the motion of the meteoroid that forms the meteor trail (the
"'target') to find the position of the trail. As the trail is extended past a
specular reflection point, the addition of electrons that are alternately in
phase and out of phase with the main echo from the principal Fresnel zone
generates a characteristic '""Fresnel' pattern in the received signal. From
the spacing in tirne of the oscillations in this pattern and the length of the
principal Fresnel zone, we find the velocity of the meteoroid (McKinley,
1961; Southworth, 1962), From that velocity and the spacing in time between
the Fresnel patterns observed at different stations, we find the distances
between specular reflection points. Two such distances, corresponding to
noncolinear pairs of stations, determine the direction of motion of the

meteoroid; additional distances may strengthen the determination,
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At this stage in ths reduction, we know that the specular reflection point
from the main site lies in & plane normal to the direction of motion of the
metecroid, at an observed rangs from the main site. (We also used the
observed range in computing the velscity.) The meteor trail lies ona
cylinder normal to that plane. Measures of differential range from our closely
spaced sites are, in general, not sufficiently accurate to fix the location of
the meteor trail on the cylinder; but this iocation is determined by an inter-
ferometric measure at the main site. Finally, a general iterative procedure
uses all the observations in least-squares fits to find the best position.

1.2.1.4 Wind measurements. The echo received at each station conveys
information concerning a part of the meteor trail (the principal Fresnel zone)
roughly 1 km long. In general, each station observes a different part of the
trail, with some overlapping. The spacing between centers of adjacent parts
observed on the trail by different stations is 0 to 3.5 km along the trail, and
0 to 2.7 km in height.

Phase measurements at a station furnish the '"radial" component of the
mean wind velocity, averaged over the corresponding part of the trail. This
component is directed along the bisector of the angle between the directions
to the transmitter and the receiver. We normally convert this to a "horizontal
radial" component, on the assumption that there is no vertical component;
but the actual vertical component is sometimes computed, as described below.
The phase measurements also normally furnish the first derivative of the
radial component with respect to position along the trail. Both the wind and
its derivative are also used to correct the determination of the meteoroid's

pesition and direction of motion.

To determine two components of the wind velocity at a point, it is
necessary to receive an echo and measure its phase at one of the remote sites
and also to measure the radial wind component (by phase measurements at
one or more of the stations of the cluster of six original stations) in the same
part of the trail, With phase measured at all the stations of the cluster, the

radial wind component can be found, by interpolation, at every point of the
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observed portion of a trail. Then every meteor observed at two or more
stations of the cluster, and also observed in the same portion of the trail at
& remote site, yields one two-dimensional wind determination.

For three-dimensional wind-velocity determinations, we must note that
virtually no trail can ever scatter an echo toward the cluster and also toward
both remote sites. Therefore, we have to use, for three-dimensional
velocity determinations at a given point in .éace. two different trails that
cross the same point within a short interval of time, each of which satisfies
all the requirements for positional determination. Together, the two meteors
must yield components from one or botk rerote sites and two widely separated
outlying sites.

The detail possible in describing the wind field depends upon the meteor
influx rate, which is comparatively high from shortly after midnight to mid-
afternoon. During this part of the day, the averags rate of reducible meteors
has been found tc be of the order of 250/hr; about 40 of these will also be
observed at one or the other of the remote sites. With all stations equipped
to measure phase, there are about 1000 one-dimensional wind determinations
and 40 two-dimensional determinations per hour. The number of three-
dimensional determinations also depends on how close together the two
meteors must be in time and space., If 4 min, 15 km horizontally, and 1| km
vertically are allowed, then there is roughly one three-dimensional determina-
tion per hour,

The system can furnish vastly more information about the wind than has
been available heretofore. The amount of information necessary to specify
the wind field if the pattern is not known can be roughly estimated as follows.
We take these estimates for the volume of space surveyed and the scales of

the dominant variations in the wind:

Volume Variation (wavelength)
height 20 km vertical 5 km
width 50 km horizontal 75 km
length 50 km time 20 min

Lt
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We may assume (conservatively) that five points per wavelength are required
to describe a variation. Then the number of independent pieces of informa-
tion needed per hour is ‘

~5(2°)x5( 20) x5 () x5(82) =3333 |

In Havara, we routinely obtain one-half of this hourly information. How-
ever, if we assume that four samples for wavelength are sufficient for the
descriptions of the variations, the information collected by the Havana sys-
tem becomes more than adequate,

From midafternoon to after midnight, the average rate of reducible
meteors is of the order of 50/hr., In this period, we would subdivide the
observing volume only into layers 1 km thick, but would look for linear hori-
zontal variations of the wind within each layer. If the dominant wavelength
for horizontal variation is 200 km or more, as seems very possible, the
lower rate of meteors still yields a sufficient description of the wind field.

1.2.2 Phase-coherent system

The basic scheme of the meteor radar redeveloped in this program and
installed near Havana, Illinois, is provided in Figure 1-1, while Figure 1-2
gives the simplified block diagram of the main site, where a 4-Mw trans-
mitter operating at 40.92 MHz is located,

In any phase-coherent network with stations miles apart from one
another, the heart of the problem is represented by the phase locking of the

various sites among themselves.

The requirement in our case is to have a relative phase jitter between the
transmitter and the local oscillators of the various superheterodyne receivers
of the multistatic network not larger than 10% of the minimum detectable
doppler, For a signal-to-noise ratio of 20 db and a meteor-~trail duration
of approximately 0.05 sec, the minimum detectable doppler corresponding
to the radiated waveform is 0.25 Hz (Grossi, 1963). Consequently, the
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General system layout.

Figure 1-1.
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relative phase stability must be on the order of 5 parts in 10’0 The Haveana

radar meets ihis requirement routinely by using a single master oscillator
at ] MHz at the main site, from which, by frequency synthesis, the frequency
required for the transmitter, and the local-oscillator frequencies reguired
by the local duai-channel receivers have been obtained. Then, by dividing
down the 1 MHe to 2.5 KHz (400:]1 ratio) a reference signal is obtained that
is distributed by telephone line to the other seven sites of the network. This
tone, however, cannot be used directly at the remote end by multiplication
and frequency synthesis because the telephone lines are not phase-jitier free.
By averaging phase observations for a minimum interval of 10 min, we can
obtain reliable phase reference. At each outlying and remote site, the phase
of the reference tone that arrives via telephone line is compared to the phase
of a secondary standard (VCO) locally available. The output of the phase
comparator, followed by an integrator with 10-min time constant, locks the
phase of the local secondary standards to the 10-min average of the phase of
the incoming reference tone.

Requirements in range measurement are less stringent when one
considers that the ideal capability of the radiated waveform with signal-to-
noise ratio of 20 db, pulse width of 6 usec, prf period of 1355 usec, time
on target of 0.05 sec is characterized by errors of ¢ = 10 m, and this is
better than the tolerable range error by about an order of magnitude (Grossi,
1963). It was therefore found easily feasible to implement a range unit
capable of providing the necessary accuracy both for backscatter echo delay
and for forwardscattering circulation time measurements.

1.2.3 Format of the raw data and example of digital recording
The digital tape recorder has 18 channels, which record the following

information for each pulse (i, e., each prf period) of the echo train, in one 8-bit

word per channel.

PRI SR i




Channel | —

Channel 2 ~

Channel 3 -

Channel 4 -~

Channel 5 —

Channel 6 —
Channel 7 —
Channel 8 -~
Channel 9 —
Channel 10~
Channel ll-
Channell2-
Channel 13—
Channel 14—
Channel 15—

Channel 16—

This records phase information «’l /¢z) for station I. The
channe!l is time-shared between A sin ¢l, called (¢l)l, and
A cos ¢y called (¢2)l. Every pulse of the returned train
is given a serial number. Pulses with odd numbers carry
sin 4:1 information, pulses with even numbers carry cos 4)1
information. These are the two outputs of the phase detec-
tor. (A, the amplitude of the echo, is recorded on channel
2.) Amplitude calibration signals (11 levels) are injected

into the system once per hour.

This contains echo ampiitude Al for station 1. Amplitudes
are usually recorded on a logarithmic scale, unlike the

linear scale used in the phase channels.

Time-shared between (¢1)2 and (¢2)2, station Z, as in
channel 1.

Echo amplitude Az, station 2.

Time-shared between (¢1)4 and (¢>2)4, station 4, as in
channel 1.

Echo amplitude A4, station 4.

s in channel 1.

[

Time-shared between (¢,); and ($,)s5,

Echo amplitude A, station 5.

5

Time-shared between (¢l)6 and (4’2)6’ 8 in channel 1,

[

Echo amplitude Ab' station 6.

8 in channel 1.

»

Time~-shared between (¢l)7 and (¢2)7,
Echo amplitude A7, station 7.

s in channel 1.

[

Time-shared between (4;1)8 and (¢2)8,
Echo amplitude AS’ station &,

8 in channel 1.

-4

Time-shared between (cpl)3 and (¢2)3,

Echo amplitude A,, station 3.
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Channel }7—

Channel 18—

Time-shared between (¢3)3 and (¢4)3, phase information from
the second receiver of station 3, time-shared as in channel
i.

Range information from that one of the eight stations of the
network where the meteor was most recently recognized
by the pattern-recognition logics. For every measure,

5 prf periods are used tc provide adjacent time segments
that are occupied by the range information. The first two
carry the octal word 006G and are used as synchronizing
information. The third prf period is used to identify the

station according to the foliowing correspondence table:
Station

200
100
040
020
010
004
002
001

O N O WD W N

The fourth prf period is used by an 8-bit word that gives

the high-order digits of the range information (800 km
maximum range). The fifth prf period is used by an 8-bit
word that gives the least-significant digits of the range
information. The range information is the number of quarter
microseconds between transmission and reception of a

pulse via the meteor and “he station named.

An example of digital recording is given in Figure 1 -3,
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1.3 Mathematicai Formulations and Qutline of Reductions
1.3.1 Theoretical model of wind phase information

The radar echo received from the ionized column left behind a moving
meteoroid is, for practical purposes, entirely scattered back to the observer
by free electrons in the column, since scattering by free ions or the solid
surface is negligible. Kaiser (1955), among others, has discussed the echo
from a meteor; some additional features arz described by Southworth {1962).
The amplitude and phase of the observable echo are the integrated vector sum
of the echoes from individual elements of the column. In an 'underdense'
column, such as are mostly observed by the Radio Meteor Project, one can
consider separate electrons as these elements. In a denser columm, it is
necessary to consider secondary scattering by nearby electrons of radar waves
already once scattered by other electrons or else to use some apprloximation
involving continuous media. We will not attempt to measure winds by using
columns as dense as those usually called "overdense, ' which act as opaque
reflectors of the radar waves. Furthermore, if we attempt to measure winds
by using the brighter underdense meteors that may be affected by a resonant
scattering effect dependent on the polarization of the incident wave and the
orientation of the column (Kaiser, 1955), we will not use the early parts of

the phase data that are affected by the resonance.

For underdense meteors, it is correct and convenient to divide the column
into independent elements distributed along the column and to consider each
element as located exactly on the column axis. The eifective number of elec-
trons in each element will then be variable; in an underdense column, the
effective number decreases exponentially with time because the electrons
diffuse away from the axis, so that echoes from electrons on different sides
of the column become out of phase with each other and interfere. Ina
resonant column, the effective number may first increase and then decrease,
and some phase shifts may be superposed, both depending on the polarization.
Fortunately, whenever this phase shift is large, it takes a form that cannot
arise from winds of the type considered below; so that we will know if it is

significant in our results,
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The phase of the radar echo from each element of the column, with
respect to the phase of the transmitied wave, is determined by the distance
from the radar station to the element (neglecting effects of resonance or of
overdense trails). Consider first the case where the radar tranamitter and

receiver are at the same point; separate transmitter and receivers will be
treated later, -

Let the trajectory of the meteor be the x axis; and lect the radar station
lie on the ncgative y axis at a distance R, so that R is the minimumn distance
from the station to the meteor trajectory. The distance D from any point
(x, y) to the radar station is

1/2 2 2 4
D=[(R+y)z+x2] =Reyedp - 2L Xy (1-1)
2R? &R

For the small values of y and moderate vaiues of x to be used here, it will
always be sufficient to limit equation (1-1) to three terms. The phase (now
taken with respect to an element at the origin of coordinates and differing

only by a constant from the phase with respect to the transmitted wave) is

2

Atmospheric winds will have negligible effect on the meteoroid but will
carry the ionized column away from the meteor trajectory. Only the com-
ponent of the wind along the y axis (i. e., along the radar beam) need be con-
sidered. We will assume that the radial component of the wind depends
linearly on x within the part of the ionized column that reflects radar waves
to any one receiving station. This assumption is necessary because it will
not usually be possible to derive sufficient information from the received
echo to specify any more complicated wind field. In particular, we do not
resolve wind variations within the principal Fresnel zone, roughly 1 km long.
It is also a convenient assumption because it makes the analysis compara-
tively simple and because the resultant description of the radial wind is very

well suited for further processing. Ultimate justification for the assumption
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must come from our resuits, but the observed absence of turbulence at the
heights where we measure (Layzer and Bedinger, 1969) supports our use of
the assumption. Accordingly, let the radial wind speed be of the form

y= a(x- xw) m sec” ! (1-3)

so that a represents the wind shear (m nec"l m'l, or radian sec"l) and Xy
represents a point (perhaps extrapolated) on the trajectory where there is no
radial wind. Let time t be measured from the moment when the metecroid

passes the origin; then the coordinates of the meteoroid are (Vt, 0) where V
is its velocity.

The y coordinate of any element of the column can then be found from its
radial speed and the interval T since it was generated by the meteoroid:

y=yT

a{x - xw)(t - x/V)

- % [xz - (xw + Vt)x + X, vt . (1-4)

Equation (1-4) shows that the ionized column takes a time-dependent para-
bolic form.

The phase of the echo from an element at x is found by substituting (1-4)
into (1-2) as

N

L

¢ =

%l

aR(t + xW/V)>] 2

(1-2aR/V) [x+ (-1 TZER/V

2 .
) 2walR [(t + x,/V) wat]

X VYA AR (1-5)

(which corrects equation (17) of Southworth, 1962). It is convenient to define

a parameter a that represents the importance of the wind shear (discussed
further below) as
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Qa E-—V- (1‘6)

and to rewrite (1-5) as

. 2
¢=-X—f{'(l - 2a) [x+ (T-:—-Zj;> (xw+ Vt)]
- & [(-l_n—i-u) (x,,+ VO + waVt] : (1-7)

The second line of (1-7) is independent of x and therefore applies directly
to the phase of the integrated radar echo (from all the elements at all values
of x). Remarkably, the first line of (1-7) is the phase that would be observed
if the station were in fact at a different distance from the meteor and moving,
with coordinates

[T-R-'ﬁ - (T&"z;) (x, * "t’] - (1-8)

Thus, the amplitudes (which are determined by the first line of (1-7)) have
the form of the Fresnel pattern of a meteor of velocity V’ that crosses the

specular reflection point at a time 6t after the real meteor does, where

V' = V(1 - a)(l - 2a)"1/2 (1-9)
-axw
ot = '(l—i_a')_\? . (1-10)

Measuring time t’ from the apparent crossing of the specular reflection

point, we have

ax
r - = W -
t—t-ét-t-!-m . (1-11)
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The second line of (1-7) represents a variation in phase superposed on
the normal Fresnel variation and is the observable phase variation due to
wind, Denoting this observable wind phase by &, we have, in terms of V’
and t/,

2 \& ax
_:ﬂ Q ,,2 4n R Q W Vet
® XK ("'1-"6)”" 'TR[’ ("“)]lf'""z-h Ve
+ constant . (1-12)

Observation of the Fresnel pattern in amplitude yieids V' and t’ (i. e., the
origin of t’ in the system used for observing time). The quantities R and \ are
already known; thus, observation of the phase yields the coefficients

a 2 axw
<m> and — . {1-13)
NT - 26

These furnish the necessary factors for correcting the apparent velocity and
time of passing the specular reflection point, since

1/2

2
VY,: [1-(1 fa)] (1-14)

and
5t = <-17)—?-’-‘“-V—- | (1-15)
\ NT - 2a

The actual geometry of the ionized column is quite different from the
geometry that would be deduced directly from the apparent Fresnel pattern
or from the geometry when there is no wind shear. The curvature of the
ionized colurmnn is 2a times the curvature of the radar wavefront. To have
only a single point of tangency (specular reflection point) between the wave-

front and the column, we must have

2a <1 ., (1-16)
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Other cases will give very anomalous Fresnel patterns, which can easily be
rejected. Previous cbservations of winds at meteor heights show that the
most probable value of & ig of the order of £0. 1 but that occasional meteors
may not satisfy inequality (1-16).

The actual point of tangency between the radar wavefront and the ionized
column (produced if necessary) is at

Xq= - (—-——-l _nh) (xw + Vt)
Yo= (@ - Dx3/R -ax Vt/R — (1-17)

which describes a parabola concave toward the station. The negative
coefficient of t2 in the first term of equation (1-12) is the resuit of this
parabola,

When the Fresnel oscillations are empirically smoothed out, the remain-
ing phase ® and amplitude A variations refer to the principal Fresnel zone
centered on the moving point (xO yo). Irregularities in the ion column within
the length of the principal Fresmnel zone are averaged out; its length is

- ‘( R\
F= V175 (1-18)

which is the order of ! km.

Observations of the wind phase at a station yield the value of the wind
at one point, and also two possibilities for the derivative of the wind, as

follows. The observed coefficients of t and t2 in (1-12) give the values of

- a
G-ll_a‘
ax ax
\'A w w
v NT - 2a l-a *
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whence either
a= VG/R(l + G) X, = H/G , (1-20a)
or

a= -VG/R(l ~ G) X, = -H/G . (1-20bj

The value of the wind at one point

x= -H ¢=-HV/R (1-21)

is common to both (1-20a) and (1-20b); this is the point where the moving
meteor crosses the point of tangency between the radar wavefront and the
ionized column; i. e., it is the actual specular reflection point,

-

SR

The derivative a of the wind is primarily useiul for interpolation between
the points observed by different stations. It will generally be necessary to
interpolate in order to measure two components of the wind (with use of
observations from one of the distant stations), and it is helpful to be able to
interpolate when the general wind field is being delineated. When the
ambiguity between (1-20a) and (1-20b) is significant — that is, when la] is
appreciable — there are two methods for resolving it: by neighboring wind
measures, or by the diffusion constant. On any meteor trail, reflection
points from adjoining stations in our network differ by less than 3 km in
height, and frequently by much less. It appears from other observations
(e. g., Bedinger et al., 1968; Greenhow and Neufeld, 1959) that the derivative
of the wind with height reverses sign in more than 3 km in height, on the
average. Consequently, we can usually resolve the ambiguity by selecting
the derivative that makes a better fit to neighboring measures.

Diffusion offers a second way to resolve the ambiguity. We regularly
use the exponential decay of the amplitude A of thc echo from the principal
Fresnel zone to measure the rate D of diffusion of the electrons away from

the axis of the ion column. Taking into account the shift of the principal
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Fresnel zone to a part of the ion column with a different age and electron

density, we have

2
= (A 1 dA o _\dM
D= (4“) [a - g g+ 0921034 (1 ~ 2a> dt] . (1-22)

Here dM/dt is the slope of the "'ionization curve" representing the electron
line density generated by the meteorcid as a function of time in terms of the

meteor's '"radar magnitude' M,

B
t
X3
&
y
E:
A

M=40-2.510g, 09 ., (1-23) T

where q is the electron line density per meter. The slope dM/dt is deter- 1
mined by combining magnitude data observed at different stations. Since D ’
is known as a function of height in the atmosphere, the value of a can be
selected as the one that makes (1-22) give a better fit. However, it is
preferable to select the values of a at different stations on one meteor to
give the best fit to the logarithmic derivative of D with respect to height,
since both this derivative and the differences of height between stations are
better known than individual values of D or height. As Section 2 of this
report will show, it is also necessary to be sure that recombination has not

3
.
4

.

L7

4

A
£
5

3 distorted the observed value of D. Since we have only recently learned the
importance of recombination, we have not yet formulated exact methods for
being sure that it is not present in practical cases. Consequently, we do not
now use diffusion to resolve wind ambiguities, but it appears from particular
: examples that diffusion will be very useful for this purpose in the future.

S ) Gt I P

The case where the transmitter and the receiver are at different sites .
is very similar to the case where they are at the same site, particularly for

: the meteors observed on this project. The essential difference is that the

“d

wind component observed is the component along the direction bisecting the
angle between the directions from the two stations to the specular reflection

s

point. Stations 1 to 6 and their antenna beams are so arranged that the dis-

tance along an observable meteor track between the feet of perpendiculars ;

e

.
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dropped from station 3 (the transmitter) and any other station cannot generally ?;g
exceed 15 km. The specular reflection point is roughly halfway between these §

perpendicularse. Since echoes at stations 7 or 8 will be analyzed only when
they are reflected firom parts of the meteor track cbserved at other stations,

PRV RO IRLAE. Yo NI A}

perpendiculars from stations 7 or 8 will also be within 15 km of the perpen-

P

dicular from station 3. In these circumstances, equation (1-2) and all sub-
sequent developments remain valid with three substitutions: (a) the origin
: of x and ¢ is shifted to the new specular reflection point; (b) the perpendicular
= distance R from the station to the track is replaced by the harmonic mean of
. either the perpendicular distances from the two stations or the distances of
the stations from the specular refiection point; and (c) the wind displacement
. 7 y is replaced by y cos (¥ /2), where ¢ is the angle between the directions
' from the stations to the specular reflection point.

1.3.2 Geometrical reduction

i This section outlines the principles and procedure for finding a meteor's

position and vector velocity from observed data. ;

The amplitude and phase of the Fresnel pattern generated by a meteor
of constant magnitude, without diffusion, can be expressed in terms of the
Fresnel integrals of classical analysis (e. g., McKinley, 1961); but numeri-
cal integrations are necessary to predict the effects of diffusion or varying
magnitude (Loewenthal, 1956; Southworth, 1962). When, a2s with our stations,
the "range' (distance to the meteor trail) is much larger than the distance ;

between the transmitting and the receiving stations, it is convenient and
entirely adequate to use the concept of an ""effective station.'" This is the
position that would receive the same signal by direct backscatter as the

. actual receiving station receives by forwardscatter at a small angle; it is
located on the bisector of the angle between lines joining the specular reflec-
tion point with the transmitting and the receiving stations, and its range R

from the meteor is the harmonic mean of the transmitting and receiving

ranges. The position and speed of the meteor are deduced primarily from

i 4 the times of the maxima and minima (collectively, '"extrema'') of the Fresnel
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pattern; diffusion, radar magnitude, and other physical quantities are deduced

A primarily from the amplitudes of the extrema. The times of the extrema are

g - the times when the meteoroid is at known multiples of the length F (equation ~

(1-18)) of the "principal Fresnel zone' from the specular reflection point.
From the numerical integrations cited above, we find that the "known multi-
ples' depend on apparent diffusion, but not much on other likely events.

Diffusion shifts maxima earlier and minima later than in a pattern without

diffusion. However, the time of the first maximum also depends on the slope
of the ionization curve {Southworth, 1962, Table 3). From tiae integrations,
E: an empirical expression for the distance x;, from the specular reflection
point to the point corresponding to the first maximum of the Fresnel pattern
3 is

4 F(0.861 - 1.535C + 2. 75C% - 3.0C> + CS/NE)NZ (1-24)

where S is the slope of the ionization curve in magnitudes per length F, and
C is Loewenthal's ""decay constant': 7

1 - 8tD JAR _
. c:.)\?_V 5 = Tp/eNZ Ty . (1-25)

Here, D is the diffusion constant, V is the meteor's velocity, TF is the time
| for the mneteor to cross the principal Fresnel zone, and TD is the time for
the voltage amplitude of the signal to decay by a factor e under diffusion.
Equation (1-24) replaces the approximation given in Southworth (1962), which
was vulnerable to distortion of amplitudes by fragmentation of the meteoroid.

Unpublished analytical developments by Southworth ( 1962) show that the
3 amplitudes of the Fresnal patterns may be quite accurately analyzed by

smoothing out the oscillations and then regarding the smoothed curve as
denoting the decaying amplitnde from the principal Fresnel zone, and the
oscillations from the smoothed curve as denoting the amplitudes of the later
Fresnel zones as each is formed. Such an analysis yields C, S5, and the

radar magnitude at the specular reflection points and at the extrema. It also

yields the phase corrections necessary for wind measurements in the

Fresnel pattern. Further uses are described in Section 2.
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The "radiant" (zzamed £or the pomt in the sky from which visual shower-
meteors appear to radxate) is the direction opposxte to the direction of motion
of a meteor and is the common way to denote the direction of motion. Evi-
dence for the radiant is found in the time intervals between crossings of
different specular reflection points, seen as time intervals between beginnings
of Fresne} patferns. - The distance traveled by the meteoroid in a given time
interval is known from the velocity (found from the spacing of Fresnel oscil-
lations). This distance is the projection of the distance between the corre-
sponding effective stations onto the meteor trajectory. Given at least two
such projections from noncolinear interstation distances, the radiant is
determined.

The position in space of the specular reflection point from station 3 (the
transmitting station) is determined from the radiant, the range (directly
measured), and difference in phase between the signals received at the two
halves of the antenna at station 3. The difference in phase determines the
angle between the direction from one-half of the antenna to the other, and
thé direction to the meteor. There is an ambiguity between two or three
possible values of the angle, which can nearly always be resolved by requiring
the meteor to be in the antenna beam and at a plausible heighf; any doubtful
cases are discarded.

The reduction procedure begins by treating the range observations, i.e.,
the observed time intervals between the transmission of a pulse and its
return to station 3 via the meteor, or via the meteor and another station.
Discrepant values are discarded, and one average loop range formed for

each station with range measures.

The observed (amplitude) Fresnel patterns are measured by a specially
devised semiempirical pattern-recognition program. This finds the time
and amplitude of each extremum, thus giving the same data as we previously
read from analog film records. The program uses the spacing of extrema

found at one station to predict the spacing at others. If it fails in an attempt
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to measure the pattern at any station, it will try again when it gets a better
prediction from some other station. The oscillations irom a smoothed curve

are found for each pattern.

The wind phas¢ ® is next measured at each station for which an ampli-
tude pattern was measured. The recorded phase data are an analog repre-
sentation of s = amplitude X sin (phase) at odd pulses, and ¢ = amplitude
X cos (phase) at even pulses. {These are the outputs of the phase detectors.)
Initially, the missing alternate values are interpolated. For a first approxi-
mation to the phase variation, the phases are found at the Fresnel maxima,
multiples of 27 being added where necessary for continuity. These are then
fitted with an expression of the form

<I>=E0+Elp+E2p2 ) (1-26)
where p is the pulse number (measuring time). Mext, the phase at each
observed pulse after the first maximum is corrected for the oscillating part
of the Fresnel pattern by subtracting a rotating vector

=s-C sin(¢F+E +Elp+E2p2)

Scorr - F 0
Ceorr” ©° Cp cos (¢F +Ey+Ep+ Ezpz) (1-27)
tanq’corr = scorr/ccorr

Here, CF is the amplitude of the oscillating part, interpolated between

extrema; and ¢F is the phase of the oscillating part, defined to be 0 at the
first extremum, W at the second, 2w at the third, etc., also interpolated,
The corrected phases are fitted with (1-26), and the precess then iterated
once more., If E2 is inadequately determined or significantly positive, it

is rejected, and

= E,+Ep (1-28)

is fitted instead.
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The amplitude Fresnel pattern is next analyzed at each atation by using
a provisional value of the range. This yields velocities and times at specular
reflection points, for the geometric reduction proper, as well as various
physical data such as diffusion.

The geornetric reduction proper (determining the position and velocity)
follows next; it proceeds by iteration. First, the effective station positions
are estimated. Next, the velocities and times at specular reflection points
are corrected by using {1-14) and (1-15). Then, the velocities V and times t

are fitted to an expression of the form
. V=B + CK exp (Kt) . (1-29)

Whipple and Jacchia (1957) have shown that this form is suitable for the
analysis of photographic (Super-Schmidt) meteors. Since it does not yet
appear practical to attempt to evaluate K from individual radar meteors,

we use a value characteristic of faint photographic meteors — namely, 5/4
of the value expected fo: unfragmenting meteoroids in an exponential atmos-

phere. Accordingly,

K=1.25V cos zR/5. 3, (1-30)

-~

where V is the mean observed velocity, ZR is the zenith distance of the
radiant, and the atmospheric scale height is taken to be 5. 3 km. We do not
impute great accuracy to (1-29), but consider that it is a more reasonable
1 bridging formula than most others, especially polynomials. The distances
between specular reflection points are now found by integrating (1-29), and
the radiant fitted to these and the effective stations. Finally, the specular
reflection point from station 3 is found by fitting the position of the whole
trail (not varying the radiant) to the difference of phase at station 3 and to

all observed ranges.
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Successive iterations begin by computing the effective stations using
the newly computed position of the trail and ¢ontinue by correcting velocities
for the difference between the original provisional ranges and the latest

values. The iteration is carried to convergence {or failure).

Throughout the reduction, it is general practice to "fit' by least squares

and to carry an estimate of the uncertainty of nearly every quantity deduced.

This estimate is kept as realistic as possible and usually depends on both the
internal scatter in a least-squares fit and the previously estimated uncer-
tainties of the data fitted. In case of doubt, we try not to underestimate the

errors.

1.3.3 Wind profiles from individual meteors

s

This section describes the computation of prefiles of the horizontal
radial component along indivigual meteor trajectories and of wind values

normal to the radial direction.

Nz e

Winds are computed in a rectangular coordinate system whose origin
is at sea level, 100 km horizontally from station 3 in the direction of the
antenna beam — namely, 113° east of true north. The Z coordinate is 3
measured vertically from that point; the X coordinate horizontally in the
prolongation of the antenna beam; and the Y coordinate horizontally at right
angles to X and Z, in a generally north-northeast direction. The great
majority of our wind data are collected within, say, 30 km horizontally from
the origin of these coordinates. ''Horizontal' winds are defined as winds
parallel to the X—Y plane; thus, they may be up to about 1/3 degree from
the true local horizontal. ''Radial" winds are defined as winds in a vertical
plane containing staticn 3, positive to the east and southeast. ''Cross' winds
are defined as winds in a vertical plane normal to a vertical plane containing
station 3, positive to the north and northeast. However, when there are
insufficient data to determine both radial and cross wind components at a

given point, any wind component measured at stations 1 to 6 will be regarded

as a radial component. This coordinate system has been chosen to be suitable
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for the data in an intermediate stage of processing, not for examination of
results. When there are sufficient data, the final results can be expressed

in any convenient scheme.

In computing a wind profile from an individual meteor, we invariably
assume that there is no vertical component to the wind and transform all
observed wind components to horizontal wind components on that assumption.
However, we retain information for studying vertical components by com-

bining more than one meteor; this is described further on.

The quantities used in computing a wind profile are the meteor trajec-
tory (one point and the radiant), the corrected positions of the specular
reflection points and the corrected velocities at those points (both corrected
for wind), the phase coefficients EO, El’ Ez (equation (1-26)) at each station,
and expected errors of all these. The phase coefficients are reduced to wind
components by (1-19) and (1-20) (xW is measured from the specular reflec-
tion point) and by projection onto a horizontal plane. Whan there is an
ambiguity at a station {when EZ was accepted), it is resolved by comparing
the errors of fit of both altarnatives to the unambiguous wind values found
from (1-21). Here we compute both the sum of the squared errors and the
sum of squared errors expected from the prior estimates of the wind
uncertainties. Furthermore, we give high weight to errors within the
portion of the trajectory occupied by the principal Fresnel zone during the
wind-phase measurement (equations (1-17) and (1-18)) and rapidly decreasing
weight outside that portion; the two alternatives correspond to different por-
tions of the trajectory, Comparing the observed errors with the expected
errors, we estimate the separate probabilities of the alternatives. The
more likely alternative is then chosen, but its estimated squared error is
increased by the squared difference between the alternatives multiplied by

the relative probability of the rejected alternative.
A profile of horizontal radial wind is now constructed by using all

observations from stations 1 to 6. Each linear 'profile' (a, xw) observed

at a particular station is replaced by four points lying on the linear profile
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and spread over the part of the trajectory occupied by the specular reflection

point during wind-phase measurement. Then, at each integral kilometer in

height within the part of the trajectory where winds were measured, a cubic
polynomial in distance along the trajectory is fitted to whatever wind points
are near that height. The weights assigned these points depend on their

estimated uncertainties and decrease rapidly for points away from the height

in question. The tabular wind at each height is then taken from the cubic
centered at that height.

For each tabular value of horizontal radial wind, we also compute the

interpolated effective station position. This defines the actual direction of

the measured radial wind component, as averaged in the process of combin-
ing data from different stations to make cne profile. This "interpolated
station' is computed by finding the effective position of each station (as
defined in Section 3. 2) and then fitting these positions with a linear expres-
sion in distance along the trajectory at the same time and with the same
weights, as a cubic is fitted to the winds (described above).

One or more values of horizontal cross wind are computed when there
is a reliable wind measure (Ez accepted) from station 7 or 8 at a height within
the profile of horizontal radial wind and within the portion of the trajectory
occupied by the principal Fresnel zone from that station during wind-phase
measurermnent. At each such height, we have two horizontal wind measures,
one from the effective position of station 7 or 8, and one from the interpolated
effective station position for that point on the profile. These are combined
vectorially to yield the radial and cross components, and the newly found

radial component replaces the less exact value in the profile.

To determine vertical wind components, we will try to take advantage
of the baseline represented by the separation of our stations 1 and 2 from
stations 5 and 6, as well as the two baselines between stations 7 or 8 and
our remaining stations. When the baseline 1-2-5-6 is used, we still need to
have two meteors nearly at the same point at nearly the same time, but we

need have measures from station 7 or 8 on only one of the meteors, For
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this purpose, we compute interpolated station numbers, corresponding to
interpolated effective station positions, for effective positions between
stations 1 and 2, or 5 and 6. We use these numbers to mark guitable wind
values and to convey the effective station positions to the computation that
combines data from different meteors,

1.3.4 Wind field computed from many meteors

The bulk of our wind observations occur in a volume defined horizontally
by the antenna-gain pattern and vertically by the accurrence of meteor trails.
The horizontal extent is, roughly, 50 km in the X direction and 30 km in the
Y direction; the vertical extent is roughly 20 km (see Figure 2-1 in Section 2).
At peak rates, several hundred meteors per hour are observed in this vol-
ume. The computer can readily average and smooth all these data, but we
must first decide upon the resolution in space and time.

A vertical resolution of 1 km has been chosen because: 1) it seems
appropriate to the scale of wind irregularities observed by rocket wind meas-
ures, 2) it is approximately the accuracy of the radar height measures (so
that a finer resolution would fail), and 3) it is approximately the height reso-
lution in the individual radar wind profiles. Here we estimate the resolution o4
in individual profiles from the vertical separation of adjacent specular reflec-
tion points, which is always less than 3 km and has a mode near 1 km, and
from the loss of any resolution within the principal Fresnel zone, which has
a vertical extent approximately from 0.1 to 0.5 km. The vertical resolution
is also now fixed by our data formats.

Unlike the vertical resolution, the horizontal and temporal resoclutions
are not yet fixed, and the computer program will use whatever resolution
we ask. With one or two thousand radial wind values per hour (at l-km

vertical resolution), we can resclve a few hundred cells in space-time.

o s S e Sl

The natural scale for horizontal variation seems to be a hundred or more

kilometers, and for temporal variation to be an hour or perhaps less. If

e e BT

we try for fine spatial resolution, we can select, say, a 10-km horizontal

33




interval and a 20-min time interval; if we look for fine time resoclution, we
might choose a 30-km horizontal interval and a 1 -min time interval. At

less than peak measurement rates, we should not choose resolutions this

B

b

fine, and it will always be necessary to use lower resolution for cross winds.

T

E: The computation of the wind fields begins with the radial and cross wind
values computed from many nieteors in a defined interval of time. Each
1-km interval in height is treated independently. The tabular intervals in
horizontal position and in time are specified in advance for each computation.

At each point in the X~ Y time grid, a value of horizontal radial wind is

computed if there are six or more measures within the eight neighboring
celle in X = Y — time space. The value is found by fitting a linear expression ’

in X, Y, and time to the measures and taking its value at the tabular point.
Similarly, a value of cross wind is computed if there are six or more cross
" wind measures. For convenience in later use, missing tabular values are

I then interpolated if there were at least six adjacent tabular values determined.

The interpolation uses the same fitting procedure, starting with the tabular

values rather than measures; interpolated values are marked as such.
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1.3.5 Three-dimensional wind measures

Whenever in the course of tabulating the wind field we find that any one

space-time cell contains either cross wind measures from hoth stations 7

and 8 or a cross wind measure effectively from stations 1 to 2 or 5 to 6 and

o o o35

a radial wind measure from 5 to 6 or 1 to 2, respectively, a vertical wind
component will be computed. First, the error in relative height between the

two meteors will be eliminated as accurately as possible by matching their

horizontal radial profiles. Then, all the relevant observed components will

Ll e i e oo

; be transformed back to the original radial observations from different effec-

tive stations and combined vectorially {by least equares where possible) to

o

find three components of the wind. lvore advantageous solutions will be

T T R R L W

possible when more than two meteors are available.
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1.3.6 Expected wind-measurement accuracies

it is certain that the accuracy of measurement will vary widely from
one measure to another, and the computer programs have been carefully
planned to give as realistic an estimate of the errors as possible in each

case. We will here only attempt to predict some typical accuracies.

The basic phase accuracy per pulse will be of the order of 0. 05 to 0. ]
rad, limited mostly by noise and digitizer resolution for weak pulses and by
saturation and F'resnel corrections for strong pulses. In a typical observa-
tion lasting 0.1 sec (74 pulses) with only partly random errors, the phase-
rate accuracy is of the order of 0. 3 rad/sec, corresponding to 1.0 m/sec

radial wind at our wavelength and to 1.2 m/sec horizontal radial wind.

Interpolation of the wind between specular reflection points (construction
of a wind profile) adds considerable error, depending on the second and
higher derivatives of the wind with height, but perhaps typically 3 m/sec.

Cross wind measures always use interpolated wind values and must be
computed by combining two vectors at an angle of about 0. 15 rad. Conse-
quently, their typical error will be 20 m/sec,

Combination of the data from different meteors to evaluate the wind field
will tend to increase the apparent errors of the horizontal radial wind because
the errors in height (1 km) combined with typical wind shears (0. 0l sec'l)
will appear as errors in the wind (10 m/sec). However, the errors in
tabular mean values will be smaller, perhaps 5 m/sec. Combination of
cross winds, when there are sufficient data, will tend to decrease the
errors to 10 or 15 m/sec.

The typical error in a vertical wind component when only two meteors
are used will be similar to the error in a single cross wind. Interpolating
errors in two matched profiles should partly cancel to give a relative error
of 2 m/sec, but this must be divided by an angle of about 0.1 rad. Combin-

ing four meteors, the typical error would perhaps be 10 m/sec.
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1.4 Examples of Results

Figure 1-4 shows a few recently computed profiles of horizontal radial ;
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The downward progression of the profiles with time is highly suggestive

of the presence of a gravity wave. %
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2, DENSITY, PRESSURE, TEMPERATURE, AND SCALE-~
BEIiGHT MEASUREMENTS

2.1 Introduction

Radar echoes from underdense meteor trails characteristically exhibit
a nearly exponential decay in echo strength caused by ambipolar diffusion of

the ions and electrons.

Other effects are superimposed on the decay, such as Fresnel oscilla-
tions at the beginning of the echo and sometimes beats between multiple
reflection points toward the end of an echo; but it is usually possible to
measure the rate of decay approximately and often possible to measure it
to within a few percent. If the meteor's distance and velocity are known,
one can then deduce the diffusion rate and hence (very nearly) the atmospheric
density. If, furthermore, the meteor's height is known, this constitutes at
least a potentially useful measure of the atmosphere, Conversely, if one
assumes atmospheric density as a function of height, an observation of dif-
fusion yields the height of the meteor. Both approaches have often been

taken.

The Radio Meteor Project observes apparent diffusion rates at several
points on the trails of meteors. This section describes our studies on the
feasibility of measuring atmospheric density by observing diffusion in radar

meteors.

2.2 Organization of this Section

We have learned that there are significant difficulties in the interpreta-
tion of apparent diffusion rates. The next two subsections describe two tech-
niques for analysis of our data: quantitative analysis of Fresnel patterns

from individual meteors and statistical analysis of diffusion heights from
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many meteors. The next several subsections describe results on several
aspects of meteor physics and end with an example showing that recombira-
tion in the ionized column is a very important source of systematic error in
atmospheric-density measures from meteors. Subsection 2.11 then discusses
the random errors in density measurements that are caused by wind shears. -
Finally, subsection 2.12 contains our conclusions on the feasibility of den;v»i_t’y ‘

measurements from meteors,

2.3 Fresnel-Pattern Analysis

e

Since the installation of equipment to calibrate all amplitudes of received R
meteor echoes, we can rely upon physical properties that we deduce rrom the
amplitudes. Earlier, we could consider these properties only very cauticusly

and only in statistics from large numbers of meteors.

Theoretical Fresnel patterns computed by Southworth (1962) depend on
diffusion rates and ionization curves. ''Diffusion' is ambipolar diffusion
of the ions and electrons away from the axis of the ionized column left by
the meteoroid. Diffusion causes an expone. *ial decay of echo strength with
time in underdense meteor trails, i. e., when multiple scattering of the
radar wave by the electrons can be neglected. The ''ionization curve'' is the
distribution of the electrons along the meteoroid's trajectory. Our analysis
fits a smooth curve between the maxima and minima (collectively called
"extrema'') of observed Fresnel patterns and then treats the deviations of
the extrema from this curve and fits an exponential to the curve. Further
studies of the theoretical Fresnel pattern have shown that this method yields
accurate values of diffusion and ionization when no other processes affect the
observed amplitudes. The smooth curve measures the signal received from
the principal ¥resnel zone at the foot of the perpendicular from the observing

station to the ionized column. The effective length of the principal zone is

(neglecting wind shears)
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where A = 733. 1 cm is the radar wavelength, and R ~ 150 to 300 km is the
distance to the ionized column; Fo is usually a little under ! km. We meas-
ure this signal from the first minimum of the Fresnel curve at the time

tg, ¥ L 3F,/V (2-2)

after the passage of the meteoroid through the foot of the perpendicular
(where V is the meteor velocity) to the last observed extremum but one, at

the time
t02 = (FO/V) Nn-5/4 (2-3)

(where n extrema were observed). The deviations from the smooth curve
measure the amount of ionization in later Fresnel zones., Their effective

lengths are

F, = Fo/(mi-374) (2-4)
(for the ith extremum, i> 1), and they are measured

t, = FO/(4vm (2-5)

after the meteoroid passes the center of the zone. Thus, we observe the
ionized column at various intervals after its formation, from ~0. 00! sec

(ti for a late zone of a fast meteor) to ~0. 3 sec (to2 for a late zone of a slow
meteor). Later observations are often possible, but they usually measure

mostly wind effects.
We compute apparent diffusion rates and an ionization curve from

Fresnel-pattern amplitudes of each observed meteor. Anomalies in the

results then indicate additional effects to be investigated.
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2.4 Diffusion Heights

We have begun analysis of heights computed from the measured diffusions
for 13,672 meteors observed in 1962 to 1965. This analysis first became
possible upon completion of -corrections to the reductions. McKinley's (1961)

expression of Greenhow and Neufeld's (1955) diffusion rates

log o D= 0.067h- 1.6 (2-6)

wags used to find heights h, in kilometers, from -apparent diffusion rates D,
in square centimeters per second. Greenhow and Neufeld's result was
chosen because it is in harmony with atmospheric models, not because it
seemed a good determination. (We believe that their statistical analysis is
faulty because selection effects were ignored.) Greenhow and Hall's (1960)
more careful diffusion measures are vitiated by recombination, as we
discuss later. We will show a'xe effect of recombination on our diffusions

below; it is small for many of the relatively faint meteors that we observe.

We observe apparent diffusion at three to seven different points on
each meteor trail and combine these values into a mean value of the diffus-
ion height at the maximum of the ionization curve of each meteor. We also
find an internal standard error of that height, the apparent atmospheric
scale height, and its standard error. Representative distributions of these
errors are shown below in subsection 2.10. In the present statistical analysis,

we use the errors primarily to eliminate inconsistent and distorted data.

Figure 2-1 shows the distribution of diffusion height at the maximum of
the ionization curve, as a function of the magnitude at the maximum, for
10,163 meteors. Figure 2-2 shows the same heights as a function of velocity
at maximum ionization. Meteors whose standard error in height exceeded
4 km or that yielded an unreasonable scale height have been omitted. True
height will differ from these diffusion heights by up to about 3 km, depending

on height and probably also un time. True heights are not available for these
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-; meteors; but diffusion heights are preferable for the present purposes because
Wwe are examining effects that depend directly or inversely on atmospheric
density, like diffusion, so that density changes with time do not smear the
diagram.

2.5 Diffusion Ceiling

:; Rapié diffusion eliminates the second and later maxima in the Fresnel

: pattern, so that the pattern cannot be reduced. (With phase measures, it

b can be roughly reduced, but phase was not observed on these meteors. ) .
Figure 2+2 includes curves for Loewenthal's (1956) constant

C = 8nDF NPV @2-7)
3 -

which is the ratio of the amplitude decay time under diffusion to the time of
crossing the principal Fresnel zone. Meteors with C =< 0.2 can usually be
reduced, and meteors with C = 0: 3 usually cannot, depending on the ioniza-

tion curve (Southworth, 1962). There is excellent agreement between the

gf meteors and the predicted ceiling.

; A different diffusion ceiling has eliminated a few high, faint meteors
from the lower right-hand corner of Figure 2-1. We did not reduce Fresnel
} patterns with fewer than five extrema. Thus, we omitted meteors whose

f initial magnitude was above our minimum sensitivity but whose rapid dif-

?: fusion pushed the magnitude below our sensitivity limit at or before the

§ second minimum (the fourth extremum).

Y Lyl sty

ol Vo e

dn 3

2.6 Initial Radius

The newly formed ion column must expand rapidly for a millisecond or

R '.‘ '«‘ I T;( -

SR 2ih?
"X L

so until it cools to ambient temperature. Manning (1958) and 6pik (1955)

have published different estimates for the resulting 'initial radius' of the

13 ege .

i column, both proportional to atmospheric mean free path. The initial 1dius
places an abrupt ceiling on observations, and Figures 2-1 and 2-2 show heights
44
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where echo amplitudés would:be attenuated. by factors of 0.5, 0. 1, and 0. 01

on both.estirnates. It is clear that:Opik!s initial radjus is too large, at least

at our upper limit of height and for our,;'a:x;gg, of ,magjﬁtude. The 6bserved
height céiling shows that Manning's radius is either correct or too small,
since the-diffusion ceiling could be the actual Qpper,—bpund. However, we
will find that Manning's radjus is about r.ightf(at least at lower heights and

for our magnitudes) when we :cofisider recombination bélow:

2.7, xRecombinatioq;

Recombination of the electrons in'the ionized célmnn has often been

considered (see, for example, Opik, 1955), but the uncertainties in the ‘atomic

and molecular species present and in the rate constants have made it diffi-
cult to predict. Further, recombination has not been.recognized in the
observations, so that it has been judged to be negligible (McKinley, 1961).
More recently, however, a relatively high rate constant has been found for
dissociative recombination of certain molecular ions. Mehr.and Biondi
(1969) have finally obtained reliable laboratory rmeasures for dissociative
recombination of the most likely molecules in the meteor environment,

N; and O;. If metallic ions, such as are seen in meteor spectra, are
created first, we may plausibly expect fast charge transfer to the atmos-

pheric molecules (Opik, 1958). Then recombination can be expressed by

dn/dt = -ann, _ (2-8)

where n is the electron volume density, n, is the volume density of ion
species that recombine at rate a, and Mehr and Biondi's value of a is
3% 1077 cm> sec™! for the ambient temperature at meteor heights, If all

ions recombine at rate a, we have n, = n, Here we will use
dn/dt= -2% 107" ot (2-9)

allowing for other ions that do not recombine so fast and for some atmos-

pheric heating that reduces the value of a.
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It we neglect the effect of recom‘ts;aiti“oﬁ:ofythé»rggggi=aai;‘ggf;$§gijsjia:;og—
electrons in the column, we can compute the effect-of recombinition- on.the
total line density on the electrons as-follows. Tli,e‘*dfens‘i,t:y ‘at distancé r.

from the column axis is taken t6 be exponential with radius p:

n= (q/7p%) exp (<r2/p2) , | (2-10)

‘where q is the electron line density. Initially, we have q= qo 'tﬁe,ogigihgg

v line density, and p = r, the initial radivs. The effect of di}'ﬁ;gigp?’(ijegrl‘éét-

ing recombination) is

(2-11)

(2:12)

&,,,
2.
[ d
1
[
Qe
o '8
bN
o,
)
"
'
F

-

When we combine equations (2-11) and (2-12),

rbpdn ot e
TR AR 1

- Mo g 2 —— (2-13)
4 q Zwro + 8wDt

ps ey

then, integrating with respect to time, we find

1 1 ]
L R : (2-14)
T 9%  Yim

SR, Ve IR
s

Paidy o

where

a - 87D
lm Inf1 + (4Dt/rg)]

(2-15)

TS T e s BT L T (O

Numerical integrations (Southworth, to be published) have confirmed that

~" equations (2-14) and (2-15) are a close approximation to more exact theory.

|
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Méé‘s‘ufed values of .D.from radar- fxiétéo’r‘s that are bright enough for

’ recombmatwn to be xmportant 'will be. too largé because some of the observed

amphtude decay is: caused by recombmatlon. Fora given magnitude, this
error mcreases ‘with metéor veloczty because fast meteors are chserved
sooner (equatmns (2=2) and: (2-3)).

‘We have obgerved recombination inthree ways. We first-saw it .in ioniza-

txon curves derived as descnbed in subsection. 2.3. Figure 2-3 is an example.

The digits represent radar magmtudes derived -from the pr1nc1pa1 Fresnel

(Vzong (left-most: d;g}t) and later Zones as pbs.erved at gtatmns 2, 3, 4, and 6,

-_all ¢orrected for diffiision in-the iﬁi:érval' since the zone was formed. Re-

combinition is‘,é“een in the upward slope of the :first, few digits for each
station; these ‘sﬁ'ojkr that the electron 11iz';e dénsity appears greater when
m’gaﬁsp‘red gobn’ef after formation, even after correction for diffusion, (The
—lateiv"«dig’ilfs for -each station show fragmentation, discussed in subsection 2.8.)
It is: notApi_“au’s/i'ble, that the 'ioniz‘aiti'on»cqrve should have a bump just after the

principal zone: for each-station, on.this and on many other similar meteors.

‘Some. process that removes -electrons from the column for only a few hun-

dredths of a second is required, and recombination suits.

Our second observation of recombination is in the lower bound to heights
in Figure 2~1, Radar magnitudes M are defined in terms of q (per centi-
meter) by Kaiser's (1955} relation

M= 35-2.510g10q . {2-16)

Figure 2-1 shows curves of Mlim=35 -2.5 log10 Qim using Manning's

and 5pik's values of Ty (exact values from Southworth, 1962) and t = 0. 03
(an average time for the center of the measured part of the Fresnel pattern,
for different velocities and lengths of Fresnel pattern)., The upper bound
(2-15) on observable radar magnitudes is well confirmed, as is Manning's

initial radius.
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o raaar hezghts of b’r ght p Votographlc meteors. Attachment cannot explain
the lower ‘boutid to he1ght in Fzgure 2-1, because attachment to atmospheric

Jatoms -or molecules ‘would gwe a, Iower ‘boind independent -of magnitude, and

’atmosphenc specxes vastly ou"tnumber meteof atorns of molecules for these %;%
»meteors. Oh; the other hand, Tedombination.séems to-be an adequate explana- 2
tlon for Davxs, Greenhow, and Hall's observatmns. The importance of j
attachment should be reconsxdered thh Feconibination taken into account. :;

Our thxrd observatwn of reqpmbmatmn appears in Figure 2-4. This is )

simlla,,r toFigure 2-1, exce pt that :rprqre, stringent limits have been placed on
At}_iggséa‘ié height and on the standard error of the height of maximum. The
“reiative 'diétzj‘ibution in Figure 2-4 is és‘sentiaily similar to that in Figure 2-1,
\e.:gctept:th\at a-band uf meteors just above the recombination limit has been
eliminated. This band represents-the meteors where recombination is large
e_i;oqghu,to disturb the consistency between diffusion heights at different sta-

tions on the same meteor.

2.8 Fragmentation

If the meteoroid is not a single body but has broken into fragments, the
composite Fresnel pattern of the group can be constructed as the sum of
individual Fresnel patterns. Differences in fragment size will cause differ-

ences in deceleration of the various fragments and will spread them along

their common trajectory. Inthe composite Fresnel pattern of several or
more fragments, this corresponds to smoothing out the later oscillations;
and in the ionization curves constructed from observations and from single-
body theory, this corresponds to progressively fainter magnitudes for the
later Fresnel zones. This effect is obvious in Figure 2-3 and in a large pro-
portion of our meteors, It corresponds to fragment spreads of the order of

50 to 200 m along the trajectory; smaller fragment separations are below

S A bredni ".:u-,r'v:\,;v«“- L

our resolution.
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Numerous meteors ‘give evidence-of a group of fragments spread by
400‘m oF; more, m addrtlon to a tighter group (see Figure 2-5). Here all- ‘the

Eresnel oscﬂlatxons are attenuat d, and the magnitude from the prmmpal

. zone alone mdxcates the presence of the broader groups of fragments

) Fragmentatxon was dxrectly obsérved in the Super-Schrmdt meteors as
longatmn of the meteor image and could be infe¥red in several other ways.

The present rada.r meteors, although much. smaller, are similar to the

. Super-Schm;.dt meteors in fragmentation and in related effects. Jacchia

(1955) and Hawkins a.nd Southworth (1958) showed that Super~Schm1dt meteors

have shorter light. cuFves than single-~body theory predicted; we find similar

19p;zat1on curv,est for the radar meteors (shownl in subsection 2. 11 below).

p'?[’ihése' iohf‘zitioh‘ c‘u”rvié's tend to confirm the o‘ocu‘rrence of fragmentatiog.
Much of the mischief that recombination makes in attém?ted use of

diffusion measures for atmospheric density could be avoided if the amount

of recombination could be accurately assessed ﬁ'Orr; the l“rosnel oscillations.

Fragmentation, however, also affects the Fresnel oscillations, and in such

a way that neither the amount of recombination nor the spread of particle

fragments can be accurately deduced from the observations of many meteors.

2.9 Systematic Errors Caused by Recombination

Greenhow and Hall (1960) have made the most careful attempt, to date,
to observe atmospheric density' changes from study of meteors. They meas-
ured diffusion from radar meteors as functions of height (85 to 118 km) and
time. Their rate of observation and lowest observed height show that they
were observing magnitudes near the left edge of Figure 2-1, It is not possible
to correct their published observations for recombination; indeed, we could
not correct more than a few if we had their original data. However, we ~an

recognize the qualitative cffects of recombination on their measures.

Three of Greenhow and Hall‘s principal results are out of harmony with
other measutres of the atmosphere: 1) The mean scale height was 9 km;
2) the density at their mean height of 96 km varied regularly through the

day, with a minimum ncar 0600 hours and a maximum necar 1800; and
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0600 and-a muimum‘

_xiéa’r 1800 ; rgrxon», 1% is snepxcious that theee varia-

tions. shoild be-in: phiig swith the diurndl’ vatia iation,of; meteor velocxtxes, where

w4 SR FA AT A ] :.-“'

high velocxtles predominate; nfthe mormng and ow velocztxeq m the evemng

In fact, a.ll three effeotl&are&? readilpe:;plamed in.texms of recombination:
‘ftoo high because their Jlowes meteors were

1) their mean scale, hexgbt
much.affectéd by recombi *ggx‘on_and theu' lugher meteors, hardly at all; and

2) ‘their density at: 96 krm vaned becauee the fa.ste;; meteors observed:in the
morning were- observed sooner after the column was formed 80 that the meas-
ured dlffusr.on contamed amore- recombmatxon than- the elow ‘meteors in the
evemng at the same hexght, 3) theéir scale henght varxed becaule ‘the fast meteors
in the mormng were. hxgher, 'o~tha.t fhe slope -of the overall sample was less

oy
A ’\l—-i N 5,

perturbed by recombxnat;on, yvhxle the venmg sample consisted moatly of

meteors wzth apprecxa 'le recombmatxon. Fxgure 2- 6 gwee a achematxc repre-

'ﬁy gt NI

sentation of thesereffecte. .

ARGt

HE!GHT

céép écC
log DIFFUSION

Figure 2-6. Schematic explanation of Greenhow and Hall's results: AF -
true diffusion; BF - diffusion plus recombination in the evening;
CF -~ diffusion plus recombination in the morning; GH — linear
fit to evening sample BE; 1J = linear fit to morning sample DF.
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decay rate. The decay rate: ia itterpretea AW’ rdiffusi*o'ii;’f % §jﬂd, ::iiueL :

the signalS to vary with’“time’t» 5 AT

s

NN

hexght between the dszerent partrqu" mef 2 '
different stations. By comparison: of the differeﬂt.xulues 6f Dsfound t'dxf-f

ferent heights on the same meteo¥- trnl we can’ eva.luate the-errors- that
occur in practice when measuring D in two different w,a.;rs.i ‘The seveéral
measures on each meteor have routinely been combined to give the height
derivative of density (the inverse scale height) and the best available esti-
mate from the decay data for ‘the height of the reflection pomt from station 3.
The inverse scale heights can then be compared with the known atmosphere,
and the heights with other estirhates of the height derived from geometrical
circumstances (Hawkins and Southworth, 1963).

Figure 2-7 shows the distribution of internal standard errors of a sampile
of estimates of diffusion height, found by comparing the decays observed at
different points on a single meteor trail. Figure 2-8 shows the distribution
of the differences between the estimates of diffusion height and the geometric
estimate (‘'radiant height'') for a sample of nieteors. The standard error in
the radiant heights is determined primarily by the width of the antenna beam
and is approximately 6 km. It is obvious from the differences in Figure 2-8
that there is some source of error besides the 6 km in radiant height and the
2 or 3 km in diffusion height that appears in Figure 2-7.
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We can now identify this source of large errors as the effect of recom-

bination,

Figure 2-9 shows a sample of the inverse scale height computed, with
their ''internal" standard errors estimated from the agreement of different
decay constants on the same meteor. They are plotted as a function of height
to permit discovery of any correlation between scale height and height, but
no correlation is evident in the figure. The true inverse acale height is
~0. 16, agreeing roughly with the mean of the values plstted. Nonetheless,
it is clear that there is a source of error not represented in the internal
errors. Again, we can identify the large errors with recombination.

2.11 Wind Shears

A further source of error in diffusion measures results from variation
in the (generally horizontal) wind velocity with height. Greenhow and
Neufeld (1960; see also Bedinger, Kanflich, Manring, and Layzer, 196 8)
found that the median value of the vertical grEa;diéx»:t“th/dz of the horizontal
wind is 0. 011 sec'l, and the rms value approximately 0. 025 sec"l. Such a
"wind shear'' causes the radar specular reflection point to move along the

meteor trail with a vertical speed

-1
dav dv
- _._h 2 _2h R
V.= -3 Rcos" Zp (l 2 == v cos ZR) R (2-18)

where R is the slant range to the meteor trail, ZR is the zenith distance of
the radiant, and Vm is the meteor's velocity. Representative values of R
and Vm are 200 km and 30 km sec'l; and small values of cos ZR are relatively

infrequent.

The distribut.in of electrons along a meteor trail is necessarily not
uniform. We do not yet know whether there are small irregularities, but
the overall distribution in height is known to be similar to the distribution

of luminosity from faint photographic meteors. Figure 2-10 shows the
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the distribution of ionization at beginnings and ends, with respect to the point
of maximum ionizations, for a sample of observed meteors. The median
slope dM/dz of the ionization curve is approximately 0.6 mag per vertical
kilometer, both before and after maximum.

The motion of the reflection point along a nonuniform electron coiumn

superimposes on the diffusion variation (2-18) an additional sigral variation:

1 [as\ _ dM
5 (‘ét? =£0.92G" Var - @-19)

With values cited above, this variation is comparable in magnitude to dif-
fusion at 80-km height, but of either sign. The consequent errors in heights
derived from diffusion are therefore of the order of a scale height near 80 km
and of 1 km near 90 km.

In principle, cur multistation radar observations are sufficient to
determine the ionization curve and the wind shear and therefore to allow us
to correct the diffusion for their effects. We have not yet attempted this,
but it is clear that we will often not have sufficient data. Recombination
and fragmentation, in particular, make it difficult to determine the ioniza-

tion curve reliably.

2.12 Conclusions

We find that recombination in the electron column iz frequently impor-
tant, contrary to earlier beliefs. It causes large and systematic errors in
measurements of diffusion in meteor trails and invalidates all earlier studies
of the atmosphere based on diffusion data. Even with the Havana radar

system and elaborate analysis, we will not always be able to identify meteors

. having significant recombination, and we will hardly ever be able to correct

obaerved diffusions for recombination.
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We find that wind shears and rapidly varying electron densities along %
meteor trails cause a random error in diffusion measures that is often . ;
much larger than the apparent accuracy of the cbservations. 3
We do not yet know whether useful observations of atmospheric-density ,

¥

variations can be made using radar meteors. We attempted a number of
analyses of our diffusion data in the past but never understood the apparent
results until we recognized the importance of recombination. It is now

clear that any useful analysis will be a large task.

For any future attempts at atmospheric-density studies using radar
meteors, we make three definite recommendations. First, high transmitter k

power and high-gain antennas should be used in order to reach faint meteors

PR IR

(at least mag 10), which are comparatively unaffected by recombination.
Second, the equipment should measure sufficient parameters (such as details
of the Fresnel pattern) to permit recognition of recombination in most
instances, and other parameters (such as echoes at other stations) to permit

recognition of self-consistent data. Third, the statistical analysis should
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take very careful account of selection effects on the data and of the diurnal

and seasonal variations in the meteor influx.
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3. ENGINEERING DESCRIPTION OF THE MULTISTATIC
VHF RADAR NETWCRK FOR METEOR TRAIL
OBSERVATIONS AND DATA RECORDING*

3.1 Introduction

3.1.1 System purpose

The multistatic VHF radar network is a phase-coherent system that
processes radio echoes from meteor trails., Information regarding the echoes
is recorded on magnetic tape and on punched paper tape. Computer analysis
of the tapes yields determinations of meteor velocities, influx rates, decelera-
tions, radiants, ionization curves, measures of ambipolar diffusion, and
three-dimensional space locations. Three-dimensional wind components in

the upper atmosphere are also obtained.

3.1.2 Geographical layout

The radar network is located near Havana, Illincis, and is comprised
of one main (master) station, site 3; five ocutlying (neighboring) stations -
sites 1, 2, 4, 5, and 6; and two remote stations — sites 7 and 8, The net-
work's layout is shown in Figure 3-1. The coordinates of all stations along
with their distance fron: the master station are presented in Table 3-1.

3.1.3 Simplified system description
Figure 3-2 is a simplified block diagram of the radar network. The

master-station frequency-generation system produces the 40. 92-MHz trans-

mitter frequency, the mixer and reference frequencies for the master-station

%*
Appendices containing details of instrumentation are available and may be
obtained upon request from AFCRL, Bedford, Massachusetts.
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Figure 3-1. Network layout. Dashed lines represent microwave
links. Arrows represent antenna axes: azimuth

113°E of N at sites 1 to 6, 139° at site 7, and 94°
at site 8.
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Table 3-1. Network coordinates
Bearing
Station Latitude Longitude East of North Distance

No. from site 3  from site 3
1 45719134 90°15'22" 300°44'53" 14. 39 miles
2 40°17'36" 90°08'08"  310°08'57" 7.85
3 40°13'11" 90°01'19"
4 40°18' 44" 89°57146" 26°09'16" 7.09
5 40°09' 47" 89°54'32" 123°11136" 7.17
6 40°09' 23" 89°45'45" 107°34'17¢ 14.41
7 _40°25* 02" 89°31'44" 62°14'20" 29.39
8 39°54'36" 90°00'51" 178°53' 03" 21.39
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receiver and a 2. 5-kHz frequency for the outlying and remote stations. The
2.5-kHz frequency is sent to these stations by telephone line in order to
phase-lock their frequency synthesizers to the master synthesizer at the
main site.

The transmitted pulse is radiated by the mgs!:gg‘étattq;;ﬁintgpna system.
Echoes from meteor trails (as well as:from aircraft) are received at the
master and-at the outlying and remote- stations. The echoes received at the
outlymg and remote stations are senbback to the master statxon by rmcro-

wave lmka.

At the master station the echoes from each-station are iiié.i‘yzed’«by echo-
pattern recognizers controlled: by the central unit. When an- echo is selected
for recording;, the echo: recogmzer ‘gates that -echo through the gatmg cnrcmts
to. the digitizer and CRT film reécorder.. The central unit: supphes the pulae
repetition frequency (prf) ‘tosthe transmitter and range information and control
to the digitizer and CRT recorder.

The echo analyzer system is connected to one master station antenna.
It supplies meteor influx rates on paper tape (see Section 3. 15).

3.1.4 Detailed system description

3.1.4.1 Outlying/remote station. Figure 3-3 shows a more detailed
block diagram of an outlying/remote site. In the calibration mode the antenna
is disconnected from the receiver, and simulated echoes of known amplitude

are sent to the receiver from the calibrator,
Control signals for the calibrator are received from the master station
via the microwave link in the form of switching tones and of the prf. The

tones are received by a tone receiver, which controls the calibrator.

The receiver produces three outputs. The amplitude (A) pulse is pro-
portional to the logarithm of the amplitude Al of the echo. It is sent to the
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master station via the microwave link on a 2. 3-MHz subcarrier. The Phase |
(¢1) and Phase 2 ((bz) pulses are proportional to. A g o8 ¢ and A, sin ¢, where
¢ is the phase of the echo compared to the transmitted phase. They are multi- -

plexed in time and sent to the master station via the microwave link.

An oscillator at the remote station is phue-locked to the phone-line
‘reference to produce a basic frequency for the syntheuzer.

3 3.1, 4.2, Master station (main site). anure 3-4.is. ,a;detaxled ‘block

diagram of the master otatxon. bnly the blocks {or one of’the seven outlying/
remote stations are shown. The outlying/z remote station:data from the
microwave link are sent to the low pass fnlter and subcarrier receiver. The
tlme-multxplexed ¢l and ¢z pass through the f;lter and gain-control to the
demultlplexer. The subcarrier slgnal i8. blocked iby the filter,

The subcarrier receiver and: inve"x‘{:e‘r'aﬁ:‘[ﬂiﬁer reconstruct the A signal
for the buffer delay gate. The buffer delay gate interfaces the echo recognizer
and.demultiplexer. The trigger for the idemul‘tiplexer is derived from the
recognizer gate signal and the A signal.” When the demultiplexer receives
the trigger, it gates out the selected A, ¢1, and ¢2 signals on separate
lines for recording. The ¢ adder allows both ¢l and ¢2 to be recorded on the
same cathode-ray tube.

The processing of the data.collected by the master station (main site) is
different because there is no need to multiplex the receiver outputs and because
the two antennas are used in conjunction with the transmitter. The TR-ATR
networks allow the same antennas to be used for transmission and reception.
The master-station receiver outputs A, 4)1, and 4’2 are the same as the ones
of a remote/outlying station and are derived from one of the antenna inputs.
The outlying 4)3 and ¢4 are the phase signals from the second antenna input of
the double trough. The adding amplifiers are similar to the demultiplexer
and gate the desired signals to the recording equipment. Two triggers are
used, one for the amplitude A and one for the phases ¢. The ¢ signals are
time-multiplexed for the CRT recorder so that they may be distinguished on
the CRT.

67

4.tk

w




o
o V
[
.&.
‘ .
' N ¥
+
EREN R
N _3 ~
sk
'
n
i .
h
e
<
o
T,
oo
'
. e
W,
1
.
i
o
noos e
.
v
:
v
)
)
4
ir
&
1
¢
i
¥
x
¢
“ R
A B
b piien

SRR B ol s s o it

sl r N

TVHINN3L
ANTY
JAVAGUOIN

e

‘suoije)s;: sajowas /:8uihyno ayj jo wrexBerp yoorg °¢-¢ sandvg

-

A3INDIUS IINTYISIY ONV YIXINW

_ LEiwsnweL |
-], darwvoens

2

;¥IXI LI

o A

Jo——

Y3IZISIHINAS
, AN3IND3IYS

QYVANVLS

2201 e

~ISVHd

-

L ELYEREL

’

—Ne 2

—q YOLVYLITVI

NI

INOH43T3L

b

|

¥3IAII3Y: |..

o

TOYLNOD NOLLVYEITSD

TOUINGD NOTLVNEITYD

7 e ek Mwﬁ..m. LR ot SO Rt e A x s e G SR e e e e SR e 0 s L e o e A

68




N
B

-

A
t *(3318 urew) uonizels iajsew ayj jo weadewp yoorg °“H-¢ 2andi g
VIZIN0IN .
UL e
4 ~0Md3
% . lum v
a —] vIuIIH
. tl YILST 1 ¥IALI034
! : v %10 uwn SILNIANT [ | ¥51eevens
- A v
] wum
w06y v
INVMOUIIN I-.A
. i .
: ouxedy | | o 7
: *V1Y3S [11] SSYd-PO1
5311 IWSNVYL
. ETN
..8.%“# : L I . ¥ITIN0IY
¢ FT) ML H » . zmm’»—%%& -
} . Y ﬂ . 1081802 o
A . . T [ wu:a ?.a H0LV481 TvD o
' PR C s o A
! v
‘ o | | . " 34400
S - . oh B v . v
! [ K X X N i € 5 SUILI1 0N
' D) ONI00Y B v
= te ¥IATIOI OIS VD
- % e - Avi3g L
Ty Kb Zo
' 0NLNGD NOTIVWRTTYS OL 1180 -
- , ~—wer| e [ B shmt
* i c——
, ¥IT11191C 0L Y31 IWSNYIL
B uy-ul
P , 3705403 NOLLVNN39
. YLINOE ANENC3ES A
SNOILVIS SNIALLNG ONV 3103 Of
L - P .
..swq,.ak,.:\a T R e T R S e s e Sy e L o

A nmgta .




B

; :,

¥
s

. AL RETIN ME CTe . . -
L Ve — Epan sl O 24

The calibrator control simuitaneously operates the master calibrator

B>
x4
0>
e
.53

directly and the remote/outlying calibrators through the tone transmitter

and microwave links.

T
H

- Individual subsystems are further described in the following sections.

RSzttt

3.2 High-Power Transmitter

et

The Continental Electronics Manufacturing Company Type PO-830 trans-
mitter was designed for operation at a single frequency in the range of 40 to
42 MHz with the fo'llowing operating characteristics:

) sdp 4 B

] : Peak power output 4 Mw

Average power output 20 kw

i Pulse waveiorm 3 ueec at 1330 pps to 100 usec at 40 pps
"f Nominal duty factor 0.004 l

J/ Power supply requirements 230 v, 3 phase, 60 cps

Power source capacity 200 kv-a

" Type of emission Pulsed CW

Output impedance 100 ohms bzlanced (two 50-ohm un-

balanced outputs 180° out of phase)

Although the Continental PO-830 ftransmitter has a peak power-output
capability of 4 Mw, it is normally operated at approximately 2 Mw. The

4 transmitter receives the R.F, carrier input from the frequency synthesizer,
whiie the modulating prf pulse inéut is generated within the meteor-radar
processor and has a period of 1355 usec. The quasi-gaussian radio frequency
pulse has a 6-psec half-power width. Range ambiguities up to 5 prf periods
are resolved by a method of pulse skewing, in the meteor-radar processor,

ity which delays every 5th pulse by 8 usec. A functional block diagram of the

transmitter is shown in Figure 3-5,

it e

3.2,1 Pulse generator

The transmitter amplifier circuits are pulsed CW stages. The intermediate

ST EE ey

power amplifier, driver amplifier, and power amplifier receive the required

£y e
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level of control pulse from the modulator circuits. The low-power-level
exciter amplifiers are controlled by pulse ampiifiers located within the
exciter unit itself. The modulator and exciter units receive their inputs from
the same triggering source through Tektronix waveform generators. These
generators provide the required impedance matching, pulse delay, and ampli-

tude control.

The basic trigger input signal controls & Tektronix-Type 162 waveform
generator whose output drives two Tektronix-Type 163 waveform generators.
The first Type 163 generator controls the modulator input stage, V601, through
a cathode follower, V1101. The second Type 163 generator directly controls

the pulse-amplifier circuits within the exciter unit.
3.2.2 Exciter unit

The exciter unit contains a crystal oscillator, V10lA, for internal carrier
frequency generation, but is also provided with means for accepting an external

frequency source,

The selected R. F. source is coupled through a buffer amplifier, V101B,
into a two-stage amplifier, V102 and V103, Each of the amplifiers is normally

biased well beyond cutoff and pulsed into the operating range.

The pulser portion of the exciter consists of a direct coupled amplifier,
V104A, and a cathode follower, V104B. The pulser receives a signal from
the Tektronix generating equipment and amplifies it for proper control of the

exciter amplifier-biasing system.

The pulsed R.F. output of V103 is coupled to a class "B'" amplifier, a

6DQ5, which drives the first stage of the intermediate power amplifier.
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3.2.3 Intermediate power amplifier

The intermediate power amplifier is a two-stage amplifier with pulse
voltage applied to the plate of each stage. This pulse voltage is obtained
from the output-pulse transformer of the pulse modulator. Resistance-
capacitance divider ladders are provided to reduce the applied voltage to the

desired value. The approximate plate pulse voltage is as follows:

V201 4-400A 10,000 v
V202 4CX5000 20,000 v

The screen and bias voltages for both siages are obtained from separate

power supplies.

Grid input and plate output tuning controls are present on both amplifier
stages. Metering is provided to read V20l cathode current, V202 cathode

current, and grid bias voitage.

V202 is mounted in a gas-tight cylindrical housing for operation under
compressed air pressure to improve voitage breakdown conditions., Cooling

for this stage is provided by means of both air and water circulation.

The intermediate power amplifier delivers pulse l-rf energy to the
driver unit V301.

3.2.4 Driver amplifier

The driver amplifier utilizes one Machlett-Type ML-5682 water-cooled
triode, V301, in a grounded grid circuit with input and output coaxial tuning
cavities. The entire amplifier, including the tube and two cavities, is housed
in a gas-tight cylindrical compartment. A filament transformer, tuning motor,

and other auxiliary equipment are external to this compartment.

A meter is provided that monitors the R. F. input voltage.
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The driver amplifier output line is connected to a dividing circuit that
delivers power through coaxial lines into two power amplifier input ring com-
biners. OCne of the two coaxial lines is a half-wavelength longer than the

other, causing a 180° phase difference between ring combiners. KEach ring

RS g i 2 &

combiner feeds the inputs of two power amplifier cavities.

s v

2.3.5 Power amplifier

The power amplifier contains four Machlett-Type ML-5682 triodes, V401
thrcugh V404. Each tube assembly is identical to the driver amplifier, V301,
including cavity tuning provisions. Although each input ring combiner {eeds

1 .0 power amplifier cavities in a parallel fashion, all four cavities can be

SChTT SR L g e S S o g e

.a1dependently tuned.

Two identical ring combiners transfer the power amplifier outputs to the
antenna system. Each of these combiners consists of a rectangle of rigid
coaxial transmission line with power araplifier feed points at two corners,

A 50-ohm output is provided midway between these feed points. Located at

3 a third corner is a resistive load or "waster."

Bt pcoapiids 2

In normal operation, two power amplifiers deliver signals of equal ampli-

tude and phase to the combiner inputs. The combined power then appears at

BT v

the output terminals. Should any unbalance occur between the amplifier outputs,
the difference in power is absorbed at the waster and neither amplifier senses

R the unbalance,
; 3.2.6 Pulse modulator
1 The pulse modulator amplifies the prf control signal to the 50-kv level

used in pulsing the transmitter amplifier stages. This unit consists of five

amplifier stages and twe pulse transformers.

T

The modulator control input pulse is from a cathode fcllower, V1101,

which is driven by Tektronix shaper units. The pulse modulator contains a
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two-stage R-C amplifier consisting of an 807 and a 4-400A tube, a 4~400A
cathode follower, a driver amplifier utilizing a 6696 tube, and a pulse ampli-
fier using three 5682 tubes in parallel. Pulse transformers are used before

and after the final pulse amplifier stage.

The first amplifier stage contains its own plate supply and rectifier.

Another separate rectifier supplies bias for the final pulse amplifier stage.

All the pulse modulator tubes are operated at cutoff during the inter-
pulse interval with the exception of V602. Metering is provided for the pulse

modulator.
3.2.7 Monitor and control console

All transmitter tuning and monitoring equipment is located in a central

console unit.
3.2.8 High-voltage rectifier

The high-voltage rectifier assembly consists of a standard three-phase
fuli-wave rectifier circuit using two Type 6895 tubes in series at each
rectifier position. This unit also contains a single-phase full-wave rectifier,

which supplies bias for the four power amplifier tubes and the driver tube,

The rectifier is provided with a ventilating blower and a cold-weather

heating system.
3.2.9 Air compressor

The aic compressor is provided to pressurize the final stage of the inter-
mediate power amplifier, the driver, the power amplifiers, and the combiners.

Owing to the high-peak voltages involved, compressed air is necessary to im-

prove the breakdown characteristics of these units.
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The compressor pressurizes its receiver to a value of 80 psi gauge. A
pressure-sensitive switch located on the receiver turns the compressor on at
60 psi gauge and off at 80 psi gauge. Thus the receiver pressure remains
between these values. An adjustable pressure-reducing valve is located at
the outlet of the receiver to reduce this pressure to that required by the various
units. The gauge located at the outlet of this valve monitors the outlet pres-

sure.

Under normal conditions, and aiter the system is ini‘ially pressurized,
the compressor will run only periodically to replace the air that leaks from

the system.

3.2.10 Water-cocling system

The water-cooling system consists of a water storage tank, a circulating
pump, and two water-to-air heat exchangers. Each heat exchanger contains
a blower and a flow-and-temperature interlocking system including flow
gauges. Thermostats control the cycling of the blowers to maintain the proper

water temperature.

3.3 Antenna Subsystem

3.3.1 Master station

The output combiners of the transmitter's power amplifier transfer power
through a TR-ATR network into a troughguide antenna. This network auto-
matically switches the antenna from the receivers to the transmitter during

pulse transmission.

The TR-ATR system, manufactured by the Radiation Engineering lL.abora-
tory of Maynard, Massachusetts, is a standard circuit adapted for coaxial line.
The TR and ATR sections, which are spaced an electrical quarter-wavelength
apart, each consist of a half-wavelength coaxial cavity with a tuning condenser
and TR tube. The networks are fabricated from standard 9-inch-diameter

coaxial line. The entire system is pressure tight for reliability.
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Two asyminetric troughguide antennas are located side by side as 2
symmetric, integrated unit. The apertures are in phase for transmitting.
During reception, each troughguide is used separately through the dual
TR-ATR system. The antenna is horizontally polarized in the main beam
and has a gain of 22 db when the apertures are connected in phase (feeds con-
nected 180° out of phase).

The double troughguide antenna measures 60 m in length, 21 m in width,
and 10.5 m in height. The main beam is directed at an azimuth 113* East of
North and has an elevation angle 35° above the horizon. The observed ionos-
pheric volume measures roughly 20 km x 50 km X 50 krn and has a character-
istic distance from the transmitter of 150 km. The mean height of the volume
above sea level is 90 km.

3.3.2 Outlying and remote stations

The five neighboring (outlying) stations (sites 1, 2, 4, 5, and 6) each
have double troughguide antennas connected with coaxial matching transformers
to provide an input for a single-channel receiver. All troughguide antennas

were manufactured by the Radiation Engineering Laboratory.

The two remote stations (sites 7 and 8) have 13-element Yagi antennas
resonant at 40 to 42 MHz with a front-to-back ratio of 30 db. The Yagi
antennas were manufactured by the Telrex Liaboratories of Asbury Park,

New Jersey, and carry model number CY13-40-42.

The outlying- and remote-station antennas are positioned to receive

reflections from the same volume as the master station.

3.4 Frequency Generation

The purpose of this subsystem is to generate and distribute high-stability
reference signals that cause the eight-station network to become phase-coherent.
The frequency-generation subsystem is implemented with the master oscillator,
the 2. 5-kHz generator, the offset frequency synthesizer, and the telephcne-

line network, Figure 3-6.
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I MHz TO ECHO ANALYZER

MASTER
OSCILLATOR

| MHz

2.9 kHz
GENERATOR

OFFSET
FREQUENCY
SYNTHESIZER

TO METEOR RADAR PROCESSOR

TO OUTLYING AND REMOTE
SiTES VIA TELEPHONE LINES

40.92 MHz £ 55 Hz
TO TRANSMITTER

3MHz , 27 MHz, 10.92 MHz
TO DUAL CHANNEL RECIEVER

AT MAIN SITE

Figure 3-6. Frequency generation at master station.
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3.4.1 Master oscillator

The master oscillator produces high-stability outputs of 1 MHz and
100 kHz (Figure 3-7), The 1-MHz output is connected to the meteor-radar
processor and echo analyzer as the basis for all timing operations performed
therein. The 100-kHz output drives the 2. 5-kHz generator and the offset

frequency synthesizer,

A Motorola oscillator, type S1054AL, is the basic system frequency

standard. The performance details of this oscillator are given in Table 3-2.

The Motorela 1-MHz output drives the meteor-radar processor, echo
analyzer, and part of the offset frequency synthesizer. A parallel I1-MHz
oscillator output is divided by 10 after passing through a shaper circuit and
then enters a driver circuit, which serves as the 100-kHz output of the master

oscillator,
3.4.2 Offset frequency synthesizer

The offset frequency synthesizer produces the transmitter carrier fre-
quency and has a switching means that allows the basic 40.92-MHz frequency
to be offset by 1-Hz increments up to + 55 Hz. This offset provision allows
the system to simulate known doppler frequencies of 0 to £ 55 Hz in single-
cycle increments. Nonoffset frequencies of 3 MHz 10.92 MHz, and 27 MHz
are generated by the synthesizer for the dual-channel receiver.

A functional block diagram of the offset frequency synthesizer is shown
in Figure 3-8. The 100-kHz input frequency requires that six multipliers and
five dividers be used to generate the offset units and tens digits. Two switches
are used to select the addition or subtraction operation. All other multipliers
and mixers in the synthesizer have frequency ratios of an ‘oximately 10:1,
and reliably suppress spurious sidebands without retunine. All frequencies
to be rejected are at least 10% away from center frequency, and all frequencies
to be accepted are at most 0. 5% away from center frequency. The divider cir-
cuits are fail-safe, producing no output when the input falls below a minimum

level.
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{: Table 3-2. Masater oscillator performance specifications.

INPUT VOLTAGES 117 v a-c £10%; 50-60 cps, or 24.5-28. 8 v d-c.

POWER CONSUMPTION less than |5 w

STABILITY AF (max.) versus:
F

Input voltage change of +10% less than 2 x 10°
Load resistance change of 10%  less than I x 10710

Ambient temperature 25°C $5°C 45 x 10°10
7 25°C £25°C 3 x 1077

a8 10

© el

Humidity 95-100% (50°C)

Short term (1-10 se: interval) .

TIME (After 6 hours initial
warmup, AL models):

Plus 1 hour

Plus 24 hours

Next 24 hours

Long term

TIME (After 6 hours initial
warmup, AH models):

Plus 1 hour

Plus 24 hours

Next 24 hours

Long term

WARMUP TIME

OPERATING TEMP. RANGE
OUTPUT FREQUENCIES
QUTPUT CONNECTORS
FREQ. ADJUST RANGE

CIRCUITRY

SIZE AND WEIGHT
(less batteries)

S1054AH and S]1054AL
S1064AH and S1064AL
S1054ALR and S1054AHR
S1064ALR and S1064AHR

less than 1 x 10”7
+1 x 10710

-10
9

frequency drift less than 5 x 10
frequency drift less than 2 x 10~
frequency drift less than 1 x 10™°

less than 3 x 1078 per month

10

frequency drift less than 2 x 1077
-10

frequency drift less tharn 5 x 10~

{requency drift less than 5 x 10

less than 1.5 x 1078 per month

at 0° ambient will be within:

3x10°7 in 8 min
1 x10°8 in 12 min

0°C to +50°C
1 MHzand 100 kHz at 1 v rms sine wave into a 50-ohm load
standard BNC type

coarse 2 X 10'6

fine 1 x 10-7 indicating parts 1010

proportional control oven, zener regulation, germanium
transistors

10-1/4" wide x 6-1/2" high » 5" deep, approx. 7 Ibs
10-1/4" wide x 6-1/2" high x 10" deep; approx. 11 lbs
19-1/4" wide x 7" high » 5" deep. approx 14 lbs

19" wide x 7" high x 10-1/2" deep, approx 19 lbs
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3.4.3 2.5-kHz generator

The 2. 5-kHz generator (Figure 3-9) produces the continuous-wave syn-
chronizing signal responsible for remote-site phase coherence, The 100-kHz
input signal passes through a divide-by-40 stage consisting of one decade
counter and two binary counters. The resulting 2.5-kHz signal is fed through
an emitter follower driver stage, an amplifier, and a lightning protector and

then applied to a telephone hook peint for distribution to the remote sites.
3.4.4 Telephone lines

The telephonz lines carry a synchronizing signal from the site-3 2. 5-kHz
generator to the phase-locked secondary standard at all remote stations.
This synchronization allows the entire system to become phase coherent.
The high-stability frequency standard at all stations must be made phase
coherent in order that the expected doppler frequencies of 0.3 to 300 Hz can
be measured. The telephone lines are voice-grade channels with a frequency
response of 300 to 3000 Hz and a level of at least -8 dbm into 600 ohms.

A single telephone line carries the synchronizing 2.5-kHz CW tone from
the master station to the Havana Central Telephone Exchange. The hook
point at the master station is a Triad TY-53X transformer with a 330-ohm
resistor shunted across the primary input winding. A distribution amplifier
located at the Central Exchange performs a 1-to-7 branch that passes the tone

through the lines connected to the remote sites.

The minimum anticipated doppler frequency of 0.25 Hz requires that the

maximum allowable frequency error in the synchronizing network be approxi-

mately 5 X 10-10.

3.5 Dual-Channel Receiver

The master station contains a dual-channel (interferometric) receiver

with separate channels connected to each section of the troughguide antenna.
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The outputs of the phase comparators in each channel are proportional to the
sine or cosine of the received wave phase. This phase information provides
Doppler sense through the implementation cof two outputs in quadrature for
each channel. Five types of information (A, ¢1, 4:2, 4>3, ¢4) are therefore

made available.

The two receiver channels operate in an identical manner except that the
received echo is obtained through different sections of the troughguide antenna.
The echo angle of arrival can be determined, through data processing, by
computing the relative phase difference of the two doppler signals as received

through the antenna sections.

The dual-channel receiver block diagram is shown in Figure 3-10. The
preamplifier has a noise figure of 2.5 db and sufficient isolation to prevent
the local oscillator frequency from being radiated by the antenna. The

receiver input is protected by a neon lamp and a varactor diode limiter,

The signal is heterodyned to 30 MHz so that standard linear and logarithmic
I.F. amplifiers can be used. The linear I.F. unit is an RHG Model ET3002,
and the log I.F, amplifier is an RHG Model LT3002. A 230-kHz filter is
used because the RHG units have a 2-MHz passband. The third harmonic of
the 10.92-MHz local oscillator is well outside the resulting I. F. passband.

The log I.F. ig of the successive detection type and is linear to within £10%
(<1 db). Its output is buffered with an emitter follower. The linear [.F,
drives a mixer that translates its output to 3 MHz for the phase-measuring

system. Linearity and dynamic range are preserved throughout the chain.

Signal attenuation of 0 to 41 db is available thrcugh a switching arrange-
ment on the receiver front panel. Proper dynamic range is obtained with
a 10-db setting,

The transmitter puls. blanking circuits keep most of the transmitted

signal from the I. F. circuits. Without these circuits the transmitted pulse

produces distortions that affect the received signals.
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The mixer and reference input signals of 10.92 MHz, 27 MHz, and
3 MHz are generated for the receiver by the offset frequerncy synthesizer.
All receiver amplitude and phase ocutputs are connected into the master site
data-flow circuits. The amplitude output is also brought to the monitor

console.

3.6 Typical Outlying/Remote Station

The receivers used at the remote sites 7 and 8 are the original prototype
units developed by the Advanced Development Laboratories (ADL) of Nashua,
New Hampshire. The receivers at the outlying sites 1, 2, 4, 5, and 6 were
manufactured by Aercspace Research, Incorporated (ARI), of Boston
Massachusetts. The Advanced Development Laboratories' equipment is
described in this section. The Aerospace Research, Incorporated, equip-
ment is described in Section 3. 14,

The Aerospace Research, Incorporated, equipment is a better integrated
system (ARI having had the advantage of the ADL prototype to work from),
and it should be used as the model for any future duplications of the radar

network,

Each outlying/remote station contains an antenna, a single-channel
receiver, a phase-locked secondary standard, a frequency synthesizer, a
multiplexer, a subcarrier transmitter, a calibrator, a tone receiver, and a
microwave link. The block diagram for this equipment is shown in Figure 3-3,
The subcarrier units are described in Section 3.8, the calibrator and tone

receiver in Section 3.13.

The 2.5-kHz reference signal, brought from the master station to the
remote sites by telephone line, is connected to the phase-locked secondary
standard. The secondary standard produces phase-coherent 1-MHz and
100-kHz signals, which are cperated on by the frequency synthesizer for the
generation of the receiver-reference signals. The receiver describes target

echoes by producing three paraliel outputs: A, ¢)1, and ¢2. The signal A is
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sent on the subcarrier, while ¢1 and ¢2 are time-multiplexed and sent directly

on the microwave, as bipolar videc signals.
3.6.1 Phase-locked secondary standard

A block diagram of the phase-locked secondary standaxd is showa in
Figure 3-11. The phase-lock loop has a long time constant sc that the short-

term stability of the oscillator cannot be disturbed.

The 2.5-kHz synchronizing signal enters a lightning protection network
that safeguards the input circuits of the secondary standard. The signal
passes through a 2.5-kHz amplifier and filter that removes telephone-line
noise. It then enters a phase detector, which performs a comparison between
the reference signal and the 2. 5-kHz driver output. The output of the phase
detector is a 2. 5-kpps pulse with its width proportional to the phase difference.
The pulse feeds the integrator circuit fo. controlling the frequency of the
I-MHz voltage-controlled crystal oscillator., An isolator-driver stage pre-
vents loading of the oscillator. A decade-counter divider reduces the fre-
quency to 100 ¥Hz., A second decade counter and two binary counters further
reduce the frequency to 2.5 kHz for application to the phase detector, thereby
closing the loop. The 2.5-kHz driver stage prevents loading of the divider
circuits, The 100-kHz filter amplifier extracts the 100-kHz component from
the first decade divider providing a clean sine wave output of adjustable

amplitude for driving the remote-site frequency synthesizer.
3.6.2 Frequency synthesizer

The frequency synthesizer (Figure 3-12) receives the phase-locked 1-MHz
and 100-kHz sine waves from the secondary standard. Three phase-coherent
signals are generated for the single-channel receiver. These signals consist
of 10. 92-MHz and 27-MHz local oscillator frequencies and a 3-MHz reference

phase-detector frequency.
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3.6.3 Single-channel receiver

R RE

A block diagram of the single-channel receiver is shown in Figure 3-13.

—

Ty Yy ST AT
TR

This receiver is a one-channel version of the receiver used at the master

station and produces amplitude, phase, and phase-sense information.

The receiver is a double-conversion heterodyne unit followed by two
phase detectors operating in quadrature. The 40.92-MHz echo returns are
converted to 30 MHz, from which are derived both linear and logarithmic
video data. The 30-MHz I.F. is also fed into a second mixer for conversion
to 3 MHz, which is brought to the phase detectors. The phase detectors

operate in quadrature to eliminate phase ambiguity.

v s

RN,

The receiver dynamic range exceeds 60 db, of which 40 are available at

any one time. A front panel attenuator provides selection of the desired
40 db. Maximum sensitivity is obtained with a 0-db attenuation. When strong

P BT

signals are being received, the maximum dynamic range is obtained by using

the minimum attenuation that prevents linear I.F. amplifier saturation.

3.6.4 Time multiplexer

e | R T O e e R e

The time multiplexer (Figure 3-14) obtains the phase data from the single-

channel receiver and serializes the phase 1 and phase 2 information at 25-psec

¥

intervals. The time-multiplexed signala are then brought to the microwave

TTS pogr R PPt LTy

link for transmission.

3.7 Microwave Links

The outlying/remote stations are connected to the main site by wideband
microwave links that transmit the broadband amplitude and phase informa-

tion to site 3 for processing. The microwave equipment transmits at fre-

P A g i i N 5 2

quencies of approximately 7 GHz. The signal-to-noise ratio is in excess of
50 db. Each of the seven microwave links is comprised of two terminals and

contains a service channel for voice communication. All links operate over

2l A iy

a single hop path without the need of relay stations.
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Figure 3-13. Model 1235 receiver.
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The master station is connected to sites 1, 2, 4, 5, and 6 by Raytheon
MCR-1000 links, which have a R.F. power output of 1 w and a 3-MHz base-
band. Collins MW502A units, with a R. F. cutput of 100 mw, connect the

main site with sites 7 and 8 and have a baseband of approximately 360 kHz.

Table 3-3 lists the dimensions of the microwave towers, dish antennas,
and reflectors used at the cutlying/remote stations. The master station
uses a 130-ft tower and a 200-ft tower. The 130-ft tower links the master
station with sites 2, 4, and 5. The 200-ft tower contains reflectors for site 1
and laser antenna for site 6 at a 150-ft height and reflectors for sites 7 and
8 at the 200-ft height. Table 3-4 lists the antennas and reflectors located at

the master station and the corresponding remote-station link.

3.8 Signal Flow

The demultiplexers, adding amplifiers, buffer delay gates, and subcarrier
units constitute the bulk of the signal handling equipment.

3.8.1 Main site signal flow

Signals A, ¢1, ¢2, 4)3, and ¢4 are delayed 10 pusec and sent to the adding
circuits (Figure 3-15). This allows time for the pattern recognizer and '"And"
circuit to function. The pattern recognizer sends a 16-psec gate to the "And"
circuit. The A signal arrives during this gate and enables the "And" circuit.
The "And" circuit triggers the variable delay, which, in turn, operates the
gate pulse generator and delay gate generator. The variable delay and delay
gate generator are adjusted to send signals to the adding amplifiers at the
same time the A or ¢ signal arrives there. When both signals arrive at the
adding amplifier, an output proportional to the inputs is produced. A pedestal

is added to the ¢ signals to convert the bipolar input to a monopolar output.
3.8.2 Outlying/remote station signal flow

The buffer delay gate functions the same as for the master station

(Figure 3-16). There is no need to delay the ¢ signals as they are already
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Table 3-3. Dimensions of microwave towers, reflectors and antennas

at the outlying/remote sites,

Station Tower height Antenna size Reflector size

110 ft 4 ft 6 x 8 ft
40 4 none
e 110 6x8
70 6x8
150 6x8
290 8 x12
220 8§x12

O N &8 N
- - A

Table 3-4. Dimensions of antennas and reflectors at the

main site.

Link Antenna size Reflector size

4 ft 6 x 8 {t
4 6 x8
6x8
6 x8
none
8x12
8 x12
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delayed by the time multiplexer. The variable delay and 25-psec delays of
the demultiplexer are adjusted so that the 2-usec gate arrives at the gated
) amplifier at the same time as the A or ¢ signal. A pedestal is added to the

¢, since the digitizer cannct record bipelar signals.

: 3.8.3 Subcarrier units

3 In the subcarrier transmitter (Figure 3-17) the amplitude (A) from the
radar receiver modulates a 2. 3-MHz carrier to produce a pulse-modulated
2.3-MHz signal in the baseband of the microwave link. The receiver accepts

this 2. 3-MHz pulse while rejecting the time-maultiplexed phase signals present

i in the same baseband of the microwave link. The pulse-modulated 2.3 MHz
is detected, filtered, and amplified to produce an inverted A at the output of
: : the receiver.

3.9 Meteor-Radar Processor

3.9.1 Purpose

The purpose of the meteor-radar processor is the following:

E A. To recognize, with an adjustable probability of error, target echoes

from interference, regardless of the amplitude cf interference.

B. To determine which target’s echoes and which interference signals

are to be recorded.

C. To execute range measurements on the selected echoes.

D. To control automatically the niotion of the tape and film in order to

have records of the proper length.

E. To track individual targets throughout their lives and to maintain
memory of them for a preselected duration after their end, in order to avoid

repeated recordings of long-lasting or fading echoes.

F. To generate auxiliary signals for the digitizer and transmitter.
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3.9.2 Equipment

The meteor-radar processor is located at the master station, site 3.
The processor is comprised of eight pattern recognizers and one central unit
arranged within two standard 19-inch relay racks. Each rack contains its
own power supply and circulating-air blower. Solid-state circuit cards, con-

taining silicon semiconductors, are used throughout the units.

The pattern recognizers and central unit are connected within the system

as shown in Figure 3-18,
3.9.3 Processing organization

The system has been organized into three distinct levels of processing,

i.e., recognition, decision, and control. This organization results in a con-

verging reduction of data.
3.9.4 First-level processing

The purpose of this processing level is to recognize target echoes and

to track them threughout their entire lives.

Each site has a corresponding pattern recognizer that has the capacity
for simultaneously recognizing 26 targets. The eight pattern recognizers
may consequently perform first-level processing on a maximum of 208 con-
temporary signals. In order to execute this large amount of processing
without a prohibitive quantity of hardware, the first-level processing is per-

formed with circulating self-programed digital words.

A delay medium for digital signals is connected in a close loop with an
operating digital circuit. Digital bits circulating within the system are
grouped in independent words that contain a 3-bit program part and a 13-bit
data part. The word capacity of the circulation system is determined by the

bit rate and the length of the delay line. When the word enters the operating
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circuit, the program portion of the word organizes the circuit for a particular
operation tc be performed on the data and program bits. After the operation

is executed, the modified word recirculates and once more enters the operating
circuit where an additional operation is executed. In this way a long process
can be performed on stored or arriving data, step by step, in many circula-
tions. Moreover, many independent processings can be performed by several

words circulating simultaneously in the system.

The processing performed upon a word in circulation is controlled by
the program bits associated with that word. These bits may have a configura-
tion corresponding to the states indicated in F.igure 3-19. Four staies and

six state transitions are possible.

000 The circuit is awaiting input data.

A A detected signal causes a transiticn to state 100.

100 A word is placed in circulation, The presence or absence
of a signal from the corresponding range is noted in suc-
ceeding circulations of the word and the data bits are
appropriately changed — a binary 1 is added or subtracted
during each circulation.

B The data count within the word reaches a preset value K
of 4, 8, 16, or 32, A transition to state 10! occurs.
With K equal to 16, the data bits are changed to
1000010010000.

C The data count reaches the preset value but another cir-
culating word is currently in state 101. A transition to
state 111 occurs,

D The data count reduces to zero because of the absence of
input signals from that range corresponding to this word.
A transition to state 000 occurs,

101 A target echo recognition signal is generated. The word
remains in circulation to track the target, but counting
is restricted from 1000000000000 to 1000010011111.

E A transition to state 111 occurs because the data count
falls to 1000000000000 or because of an order from the

central unit.
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111 The word is kept in circulation with plus and minus counts
continuing in order to track the target.
F The data count reaches zero. A transition to state 000

occurs.

The counting operation permits the discrimination of unwanted signals

from target echoes by utilizing arithmetical and logical functions.

Many targets are not stationary in space and conse&f&‘ently produce echoes
with a time drift between sweeps. In order to track echoes having motion,
the circulation word period is allowed to undergo a self-correction in each
circulation of *1 usec, depending on whether the echo drift is advanced or

delayed in time.
3.9.5 Second-level processing

Decisions are made during this processing level that determine the data
to be recorded. Each pattern recognizer allows only one of the many targets
simultaneously recognized and tracked to be recorded at any single time.
Recognized targets being tracked but not recorded may be subsequently

recorded, but only if another pattern recognizer activates a record.

An additional function of this processing level is to select sample inter-
vals for interference (terrestrial origin) and noise-signal (cosmic origin)

recording.
3.9.6 Third-level processing

Third-level processing is performed by the central unit after receiving
signals from the second processing level., The purpose of this level is to
control the recording devices for acceptance of data, thereby minimizing the

use of magnetic tape and film.
This processing limits the recording of long-duration targets to a pre-

determined maximum interval of their early life. A target existing longer

than this interval may be recorded again but may not itself activate a new
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record. The range measurements are executed at this level, and the required

auxiliary signals are generated.

3.10 Digitizer and Tape Recorder

The purpose of the Baird-Atomic digitizer is to accept 26 videc input chan-
nels and one digital input and to record them digitally on half-inch magnetic
tape with a format suitable for computer processing. The 27 input channels
represent the amplitude outputs of all eight receivers, the ¢l and ¢, outputs
of the seven remote receivers, the ¢1, ¢2, 4>3, and ¢4 outputs of the master
receiver, and a target-range channel from the meteor-radar processor. The

digitizer recording is started and stopped by the central unit.

The digitizer (Figure 3-20) consists of a 27-to~-18 multiplexer, an 8-bit
analog-to-digital converter, logic circuits that provide both transverse and
longitudinal parity, a time-of-day clock, and a magnetic-tape transport. The
transport is a seven-track Potter MT 36 that incorporates vacuum buffering,
2-1/2-minute rewind, 15-sec tape threading, and 3-msec start time. This

unit records at 36 inches/sec with a packing density of 556 bits/inch.

A playback feature provides an analog output of one of the 18 digital

channels. The channel is selected by a panel switch on the digitizer.

3.11 CRT Film Recorder

The CRT film recorder contains 18 Tektronix-Type 360 oscilloscopes
so arranged that the 70-mm camera film moving in front of them is able to
record 18 noninterfering traces (Figure 3-21). The cathode-ray tubes are
unblanked and the film started when an echo from any station is to be recorded.
The tubes are blanked and the film is stopped when the echo ends, or after a
predetermined time interval if the echo persists. An individual amplitude
display appears as a series of vertical lines proportional in length to the
amplitude of the oscilloscope input signal. The phase display appears as a
series of double vertical lines, The ¢2 line is blanked every fifth pulse to

distinguish between cbl and ¢2 on the film.
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The range display produces a series of 10 equally spaced range marks,
over a sweep equivalent to 200 km, once every 5 prf periods. One of these
marks is blanked out when a range measurement is being recorded. A coding
system within the meteor-radar processor correlates the blanking with a
specific station., The appearance of a dot on one of the following four sweeps

indicates the target range of that station.

The 27 data-input channels to the CRT film recorder (Figure 3-22) repre-
sent the amplitude outputs of all eight receivers, the cpl and ¢2 outputs of the
seven remote receivers, the multiplexed 4)1 ¢, and ¢3 ¢, outputs of the master
receiver, and a target-range channel from the meteor-radar processor. The
¢1 and ¢ data of each remote station are multiplexed in a phase-adder circuit

within the film recorder and appear on a single oscilloscope.
A slave digital time display unit, controlled by the digitizer, is photo-
graphed through a mirror arrangement and presented on each CRT film

recording at the end of the record.

3.12 Monitor Console

The monitor console contains eight Tektronix 3-inch oscilloscopes to
allow the operator to monitor the eight receiver outputs. They are currently
connected to monitor the multiplexed phase signals from the remote stations

and the amplitude from the master station.
The console also contains controls for the CRT recorder.

3,13 Calibrators

3.13.1 Control unit

The calibrator's control unit supplies a modulating signal and control
signals to the master and outlying/remote calibrators. In the "operate' mode

the antennas are hooked to the receiver, In the 'calibrate' mode the antenna
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1s disconnected and a pulse, which simulates the received pulse, is sent to the
receiver. The level of this pulse is known. The pulse can be attenuated by
0 to 65 db in 5-db steps. Attenuation can aiso be inserted between the antenna

and the receiver to reduce the system sensitivity,
3.13.2 Calibraters at the outlying/remote sites (¥igure 3-23)

The oscillator produces a continuous 40.92 MHz, which is modulated by
the modulator to produce the simulated pulse. The relay and attenuator are

controlled by the logic to switch from the antenna and attenuate the pulse.
3.13.3 Main-site calibrator (Figure 3-24)

The oscillator and modulator produce the calibrating 40.92-MHz pulse,
which is attenuated by the remote control attenuator. The power divider
provides a pulse of equal amplitude and phase for each input of the receiver,

This also calibrates the 1nterierometer feature of the receiver,

In order to reduce the sensitivity of the receivers at the main site, an

attenuation pad ¢ n be inserted between antenna and receivers.

3.14 ARI Receivers

ARI constructed five phase-coherent receivers and a demultiplexer,
using as a prototype the receivers previously developed by Advanced Develop-
ment Laboratories. The ARI receivers are installed at the five outlying sites.
The input and output characteristics are the same as in the ADL equipment,
al. sugh the method of obtaining the output signals is different. The block
diagram for the basic receiver is shown in Figure 3-25 and the frequency
synthesizer, phase detectors, and multiplexer in Figure 3.206. The demulti-
Fiexer block diugram is the same as the one illustrated in Figure 3-16,

Demultiplexer amplifiers are not necessary for the ARI demultiplexer.
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3.15 Echo Analyzer

The echo analyzer counts echoes that exceed a preset ampiitude threshoid
and stores the results on punched paper tape. Figure 3-27 shows the block
diagram of this unit, which is connected through its own receiver to one of
the main station's antennas along with the dual-channel receiver. The
receiver output is analyzed by the analyzer's logics in order to discriminate
between meteors, interference backscatter, and airplanes. The analyzer
utilizes the circulating page system (similar to the one of the meteor radar
processcor described in Section 3.9) and performs the calculations necessary
for the recognition of meteors in real time. Four different thresholds are
used in a time sequence that repeats itself every half hour. The calibrator
injects known amplitudes into the receiver in order to adjust or check the
threshold settings. The clock controls the time sequence and supplies time
marks for the tape, The keyboard allows an operator to add additional

information to the tape.
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4. DATA-REDUCTION PROGRAMS

4.1 Introduction

The Radio Meteor Project radar network records meteor echoes on film
in analog form and on magnetic tape in digital form that is suitable for further

processing by a digital computer.

A computer program (called MANAGE) to reduce meteor echoes has been
written, debugged, and tested. This program can read the data and complete
the final reduction without intervention. Often, however, it is more conven-
ient and reliable to divide the reduction into several partial steps that can be

separately supervised in the event of inaccurate recorded data.

The reduction process can be divided into four steps: (a) a visual
search of the films for the meteor echoes that are likely to give results
(although the program rejects unsuitable echoes, this preliminary search
saves considerable computer time); (b) reading and analyzing the calibration
data; (c) reduction of Fresnel (diffraction) patterns and phase data; and (d)

final reduction of the metecr.

4.2 Calibration Data

Each receiving station has its own calibrator, and calibrations are
usually recorded every hour. Precisely controlled signal generators insert
pulsed signals, at the system pulse 1epetition rate, through precision
attenuators into the receivers. One digitizer and film record is made at
each of 1] attenuator steps (5 db/step) when a central control unit advances
the attenuators and starts the signal generators at all sites. Both phase
and amplitude data are recorded simultaneously so that both are calibrated
over their full dynamic ranges, about 60 db for amplitude and 35 db for
phase. These calibrations are recorded on both the film and the magnetic

tape.




The reduction of calibration data is divided into two parts; the first deals
with amplitudes, the second with phase data. Phases are reduced only if
amplitudes are successful. From all the recorded amplitudes, a table of
input voltages against digital output is produced, stored, and punched for
each individual station. Depending on the setting of the equipment, there are
usually 10 or 11 calibrating values, so that it is possible to use linear inter-
polation among them. When this table has been successfully produced,
another table of input voltages against phase outputs is stored and punched

for further use.

4.3 Reduction of Diffraction Patterns and Phase Data

This segment of the program takes mocst of the computer time necessary
to reduce a meteor from a magnetic tape. The partial output produced,
which is the input for the final part of the reduction, is the same kind of
output as was generated in the past by people reading film, but is much more

accurate and reliable.

At each station, the amplitude data are treated first. The signal at each
pulse is converted to microvolts at the antenna, using the results of calibra-
tion; saturated signals are rejected. The maxima and minima of the Fresnel
patterns are sought by a special pattern-finding procedure. The first
maximum is first recognized as the first group of high amplitudes in ihe
record at that station, the first minimum as a following group of lower
amplitude pulses, and so forth. Then the first two maxima and the first
minimum are more definitely recognized by virtue of good least-squares
fits to empirical expressions of the proper shapes, Finally, all maxima and
minirna that can be reliably detected are measured in order from the first

maximum, by similar least-squares fits.

If five or more points are measured in the amplitudes the phase data are
converted to volts and analyzed. The received phase is computed at every
suitable pulse and corrected for the phase shifts caused by the Fresnel diffrac-
tions. They are finally fitted by a set of phase coefficients used to find atmos-

pheric winds and wind shear.
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This kind of analysis is performed for each receiving station and also
for an extra set of phase data collected at the main station, where the pulsed-
radar transmitter is located. Here there are twoc separate receivers
connected to two antennas. The additional set of phase data recorded at this
station gives an interferometric measure of the angle of arrival, which is
necessary to determine the height of the meteor. The additional amplitudes

are not digitized, but they are used for other studies.

When three or more of these stations successfully give amplitude data,
punched and printed output is produced, which can be examined and/or used
for further reduction. Range measurements (not yet analyzed) are included

in this output.

4.4 Final Reduction

When enough data are generated in the partial reduction described
earlier, they are used to derive all the information about the meteor and the

atmosphere,

The amplitude diffraction data and the range furnish the velocity of the
meteor. A measure of the velocity is given at each specular reflection
point, as well as the time at which the point was reached. These velocities
and times give the direction cosines of the radiant, which are necessary to
comgute the orbit and the meteor height. When the direction cosines are
computed and there is a good measure of the angle of arrival of the echo
from the interferometric data recorded at the main station, the height of
the meteor is computed. The phase data are used at this stage of the reduc-
tion to correct the direction cosines and height of the meteor. After this
correction is applied, the phase data are used to produce a wind profile along
the meteor path in one dimension, Printed output and punched cards are
generated for further use., The antenna patterns and the received and trans-
mitted power are used to cornpute the magnitude of the meteor at different
times, An ionization curve is fitted through these magnitudes, and a graph ot
it is printed. Then the density and the mass of the meteoroid are computed,

as well as atmospheric density and scale height,
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A surmmary of all geometric and physical quantities is printed during the
reduction so that all the information about each meteor and the adjacent
atmosphere is easily found. Most of these results are punched on cards,

which can be used in different studies on the atmosphere and cn the meteors
themselves.

Figure 4-1 is a flow chart of this final reduction program. Earlier
stages of the processing are shown in the flow charts given in the User's
Manual (Figures i-la and 1-1b of Section 1, Volume II).
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5. CONCLUSIONS AND RECOMMENDATIONS FOR
FUTURE ACTIVITY

The main question that this research project had to answer for the U. S,
Air Force was whether it was feasible with a system of the Havana type to
collect hourly enough meteor echoes to describe adequately the wind pattern
in the height range 80 to 100 km.

The answer is positive. The eight-station network that operates in
Havana, Illincis, has proved that when data collection is complemented with
digital recording and with computer processing in a high-speed machine,
sufficient samples are obtained of the wind pattern. The meteor-radar
approach appears therefore a feasible and practical avenue for high-altitude

wind determinations.

As a matter of fact, if the high-altitude winds must be measured with
continuity in a specific volume of the upper atmosphere, the method investi-
gated by the Smithsonian Astrophysical Observatory with Air Force sponsor-
ship is the only approach now known. The nearest method capable of providing
similar data is photographic monitoring of rocket-launched chemical releases,
but because of the short durztion (about 1 hr at most) of the artificial trail pro-
duced in this way, repetitive launches are necessary to ensure the continuity
of data gathering. Its practicality is therefore questionable for observations

extending beyond a few hours.

The program has provided a partial answer concerning the feasibility
of measuring density, pressure, temperature, and scale height in the 80 to
100 km altitude range from information extracted from the amplitude decay
vs, time of the meteor echoes. The findings of the project are rat-er
pessimistic in this respect: earlier measurements are worthless, and useful

new measurements are problematic,
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Finally, an answer has been given to the question whether a number of
stations smaller than eight (the present Havana configuration) or, more
generally, a simpler system would be sufficient to gather range-doppler data
in adequate quantity and quality to furnish the description of the wind pattern.
The answer to this question is negative. Even with the present eight-station
system, the data collected routinely are barely sufficient for the task. A
smaller system would tend to omit measurements of changes in the wind

comparable in importance to those it observes.

If accurate measurements of the vertical components of the wind vectors
are of particular relevance, the two remote sites should be located even
farther apart from the main site than they are at present, which would further
complicate the system in terms of intermediate relay stations in the radio

links and in other respects.

The Observatory therefore offers the conclusion that the Air Force should
consider the duplication of the Havana eight-station scheme essentially as it is
for cases where continuons and localized monitoring of winds at meteor
heights is a requirement,

It is certainly true that the experience gained with the operation of the
system has pointed out numerous ways by which improvements can be intro-

duced into the instrumentation to make it more reliable and less costly.

Before system deployment, some additional short-duration developmental
effort would be in order in a few areas. For instance, recent developments
in high-stability clocks (rubidium vapor, cesium beams, etc.) and recent
extensions of the Loran C network make feasible the establishment of a
simpler open-loop phase-coherent network, with a consequent possibility of
avoiding the use of telephone lines for reference-tone distribution. Among
the other units that would also be designed differently today in order to
incorporate recent technological developments are the digital recording

system, the doppler measurement circuits, and the signal handling unit,
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Basically, however, the instrumentation as it now is in Havana constitutes

an adequate operational system.

In the area of data reduction, more efficient computer programs could
be written and would brirg forth considerable savings in machine time. Here
too, however, the basic tenet of the SAO approach {wind determination
through the computation of the orbital parameters of the meteoroid) still

maintains its full validity as a data-reduction principle.

In summary, if the AFCRL needs to satify urgent operational require- !
ments for high-altitude wind determinations, the recommendation of the
Observatory is to implement replicas of the Havana system without additional
investment in funds and time. The Observatory would be most interested in

participating in this activity with both its scientific and engineering resources.

If some time could still be spared, the recommendation of the Observatory
wouid be to devote a 6 to 12 month effort to the refinement of the method
proved feasible by the research performed in Contract AF 19(628)-3248, both
in instrumentation and in data processing. This additional effort would
maximize the practicality of the system as a fully operational tool for the
real-time determination of metecr wind patterns.
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